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Aa. 
ABSTRACT 


Palaeomagnetic studies have been made of three 
sequences of red aot fmomee in western Canada. The first 
two, the Cambrian Arctomys and Mount Clark Formations, 
yielded no useful palaeomagnetic results. The third was 
a detailed study of the red shales of the Kahochella Group, 
Great Slave Supergroup, sampled on Keith Island (111298 Wy 
G2 aN) in the East Arm of?Great Slave’ Lake: The Seton 
Formation within this group has a Rb/Sr whole rock isochron 
aperot) UE/ ot lSameyem Ine —stratipraphic relationship of the 
sampling sites is known and the time duration represented 
by the between-site spacing has been estimated by use of a 
sedimentation rate analogy. The total time span represented 
by the sampling is about 60 m.y. 

Alternating field and thermal demagnetization have 
revealed a stable remanence. Comprehensive magnetic and 
petrographic studies suggest that the stable remanence is 
primarily a CRM residing in the primary haematite pigment. 
The existenee of a remagnetized post-folding component at 
least partially removed by thermal treatment has been demon- 
strated. The direction of the remagnetized component suggests 


that it was acquired soon after folding. 
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The known time relationship between sites has been 
exploited to obtain a reversal time scale and apparent polar 
wander path for the time represented by the sampling. Rever- 
Salvecrates vary from 0.4 to lilyreversals*per million years. 
The dispersion of the palaeomagnetic field on two time scales 
has been estimated. Values of the circular standard devia- 
tion of 10.4° and 16.9° have been obtained for time scales 
of 0.6 and 25 m.y. respectively. It is thought that some 
polar wander may be included in the longer time scale. 

The mean direction of magnetization for the main 
sampling sequence within the Kahochella Group is D = 193 Gaus 
mie This implies 


Teaea soe (k= F211 Noe 210 stiees, 


moa 
dm = 9.1). The palaeolatitude implied by this result is 
27° which is consistent with the observed palaeolatitude 
spectrum of redbeds. 

The palaeomagnetic pole for the Kahochella Group 
has been used to modify the Precambrian apparent polar wander 


path established by published results. 
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Statement Concerning Conventions Employed in this Thesis 


digs Units 


The units employed in this thesis are 5.1. units, 
formerly known as "Rationalized MKS units - Sommerfeld 
proposal". Electromagnetic units are included in parentheses 
where it is thought that this will help readers more familiar 
with these units. A conversion table may be found in 


Appendix 3. 


Zeno eat Tons 


All diagrams employing a projection are drawn 
using the azimuthal equal area or Schmidt projection. 
Direction plots display the north-seeking end of the 
magnetic vector on the upper hemisphere with open symbols 


and the lower hemisphere with closed symbols. 
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Lis INTRODUCTION 


1.1 Principles of Palaeomagnetism 


Doel.) ihe seéomarnetic tield 


The earth possesses a magnetic field of strength 
25-50 ena (O73. 70. 6. Oersted) at the surface. its Varaa— 
tion over the surface of the earth is approximately that 
Olea short, dipole located atethe centre, of the earth and 
making an angle of 114° with the rotation axis. Higher 
order terms in a spherical harmonic expansion of the sur- 
face field are of somewhat lower amplitude. They are 
collectively referred to as "non-dipole components". 

The fteid also exhibits variation in time. Obser- 
vatory records display periods varying from milliseconds 
to the entire time over which observations are available. 
The shorter periods are considered to be associated with 
extraterrestrial sources such as the sun, various phenomena 
in the upper atmosphere and the activities of man. Periods 
beyond that of the 11 year sunspot cycle are ascribed to 
Sleclrice currentescirculatinoeawilthinuthesl2.gquad, corewor 
the earth in a "self-exciting dynamo" (Jacobs, 1963), which 
LS also thoueht toeegive aise to the steady tield. 

The studies of Archaeomagnetism and Palaeomag- 


netism are directed towards the observation of geomagnetic 
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phenomena on greater time scales than those accessible 
Prom, ODSeETVaALOTy Tecords. sane= polarity," direction™ and 
intensteyvoLr*thesitieid arePall under* study as Tunctions 
of time and space. The recording instruments employed 
in these studies, are the only ones available to us, 
namely rocks, some of which display a primary remanence, 
or magnetic memory of the field in which they were formed. 
The results have wide application, as in the 
production of palaeolatitudes of interest to palaeonto- 
logists, the generation of geographic reconstructions 
important in the study of tectonics and in the testing 
of theories of core formation and changes in the radius 
of the earth (Irving, 1964). More localized applications 
include studies of ore genesis (Symons, 1967) and geologic 
eorTrelatione (FPahFifce sce Tones s? 19698¢ Dus Bois, °1959)% 
Palaeomagnetic investigations have also yielded 
considerable information about the longer period variations 
of the geomagnetic field (Cox & Doell, 1964). Variations 
with periods extending from 1l years to several thousand 
years (secular variation) are ascribed by Bullard (1948) 
toveddies*Fini thetouterviayers’ or thes cores 
The main dipole appears to have better stability 
than this.  Palaeointensity results reviewed by Smith (1970) 


suggest a sinusoidal variation of dipole moment from 4 to 
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Thiseicuknown as,dipolesoscallations «.Dinectianal»~changes 
(dipole wobble) appear to have a similar time scale. Hide 
(1967) and Hide & Stewartson (1972) suggest on theoretical 
grounds that the secular variation may be due to hydro- 
magnetic waves in the core and have time scales of Toe - Woe 
years. The time scale beyond nay years is the domain of 
apparent polar wander. 

An analysis of the latitude dependence of scatter 
in palaeomagnetic results by Brock (1971) has yielded a 
good fit to a model which allows secular variation, dipole 
escillationszyandsdipoles,wobble.( Cox, .19/0),.,,ThesEirst,two 
effects cannot be separated by Cox's model because reduced 
dipole moment is equivalent to increased secular variation 
Piettseecktectspongpalacomagneticescatternss,tBrockkesresuits 
for the pre-Tertiary suggest angular standard deviations 
of 17.2° and 1.8° at the equator for secular variation (plus 
dipole oscillation) and dipole wobble respectively. The 
value for dipole wobble is considerably lower than that ob- 
tained from studies of Quaternary dipole wobble in the Pacific 
Goell  »l969e%6eDocellan& i Gox; 311972) ewhereyseculiar ,vaniathonijis 
anomalously low, allowing direct observation of dipole wobble. 
However, for most of geologic time, Brock's results suggest 


that dipole wobble has been small. 
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A time average of the geomagnetic field at a 
location over a period of greater than ny years may thus 
be expected to yield the same field direction as an axial 
Peoirentric dipole. Jhis is) borne out for the last 30 my. 
by the grouping of palaeomagnetically determined poles 
around the rotation pole (Irving, 1964). Palaeolatitude 
spectra tosy some climatic indicators (Briden & Irving, 1964; 
Irving, 1964) are also in agreement with the hypothesis of 
an axial dipole field, but would not be sensitive to small 
deviations of the magnetic axis from the rotation axis. 

The geomagnetic field also undergoes reversals of 
polarity at irregular intervals. The mean reversal rate for 
tGhel dias tf 3e 54 mo y.e (Commie tamds 51119 68)e8 disp basedi on) radd ometiric 
dating and gives a mean rate of 5 reversals per million years. 
Extrapolation using oceanic magnetic anomalies (Heirtzler 
et al., 1968) suggests that the reversal rate was 3-4 per 
million years as far back as 40 m.y. Between 40 and the limit 
of observations at 75 m.y. it appears to have been lower 
(1-2 per million years). 

Throughout this period the probabilities of observing 
normal or reversed polarities were about equal. A compilation 
of this probabdldty! functdont forrther Phanerozod cob yoMcHEihinny 
(1971) shows variations with high probability of observing 
reversed polarity in the Permian and high probability of 


observing normal polarity in the Cretaceous. This behaviour 
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isecoouted Ainethe cone andelits determinatLlonethnough timeacan 
be expected to tell us something about the development of 
thbeseconre waintimateky linkedswithytheythermal history of the 
earth. 

The present study has yielded estimates of reyer- 
sal rate and the probability of observing reversed polarity 
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All crystalline materials display magnetic proper- 
ties. They may conveniently be divided into three groups. 
Those which become weakly magnetized in opposition to an 
applied field (i.e. show negative susceptibility) are known 
as diamagnetics. Those which become weakly magnetized in 
the same direction as an applied field (i.e. show positive 
susceptibility) are known as paramagnetics. Those which 
show large, field dependent, positive susceptibility and 
remain magnetized when the exciting field is removed are 
loosely termed ferromagnetics because iron with some of 
its compounds is the most outstanding natural example of 
the phenomenon. 

Diamagnetism results from the precession of atomic 
electron orbits about ythesapplied field. v This constitutes 


an effective loop current whose magnetic moment is in oppo- 
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sition to the applied field. Diamagnetism is displayed by 
all materials, but the effects are masked when paramagnetism 
is also present. Paramagnetism is displayed by atoms 
possessing unpaired electron spins. These constitute mo- 
ments which tend to be aligned by the applied field, opposed 
by randomizing thermal forces. Paramagnetics are unimportant 
in palaeomagnetism because they display no permanent magneti- 
wa talon*. 

Ferromagnetism results from "exchange interactions" 
whereby contiguous groups or domains of atoms become magneti- 
cally aligned. The interaction may be such as to produce 
oppositely magnetized but interpenetrating sublattices. cs 
the sublattices have equal magnetizations, no net moment 
results and the material behaves like a paramagnetic. This 
is known as antiferromagnetism. It is displayed, at least 
to first order, by haematite, an iron oxide common in 
sedimentary rocks. If the sublattices do not have equal 
magnetizations, a net moment results, and the material be- 
haves like a ferromagnetic, but with magnetization less than 
would otherwise be expected. This is known as ferrimagnetism, 
and is displayed by magnetite, a mineral found in many igneous 
rocks. 

The domain conitliguration. off ferro=,) San titterro-! mand 


ferrimagnetics results because it leads to a reduction in 
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the total internal energy of the crystal. Six energy terms 
may be recognized (Stacey, 1963). 

(i). Exchange energy. This is minimized by the 
formation of a uniformly magnetized lattice or set of sub- 
lattices as described above. 

(ii). Magnetocrystalline anisotropy energy. Many 
crystals are more easily magnetized along particular crys- 
tallographic directions. Such magnetization is therefore 
energetically favoured. 

CLEA Domain wall energy. In the boundary between 
domains magnetized along different easy directions, spins 
will be oriented in hard directions, increasing magneto- 
crystalline anisotropy energy. Exchange energy in the wall 
is reduced if the change in direction is distributed over 
a number of atoms to minimize the angle between adjacent 
spins. The domain wall energy is thus a tradeoff between 
eérms Ciyrand?’ 1%) tabove l\tand tigynet*a "ftindamental “quantity. 

(iv). Magnetostrictive strain energy. The crystal 
lattice may be subjected to strain either from lattice defects 
or from particular domain configurations. It is frequently 
anisotropic. A reduction in strain energy is accomplished 
by magnetization along directions favoured by the anisotropy. 
They may not be the same directions as the magnetocrystalline 


easy directions. (In haematite the magnetocrystalline easy 
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directions, are in the basal olane, ~ Ihe "strain anisotropy 
easy Girectrous are along the triad axis —' Dunlop, 7197/1.) 

(v). Magnetostatic energy. Some domain patterns 
Pive rise to a magnetic field “external “to the “crystal; and 
a consequent "demagnetizing field" inside the crystal in 
opposition to the magnetization. This increases the poten- 
tiai@enerey, of the a2lvened electron spins. [he -Cerm wil. 
be a maximum for a uniformly magnetized grain. Mee witiel, sore 
a minimum for a closed domain configuration, but this involves 
expenditure of energy against all the four previous terms. 
Different grain sizes and shapes will lead to different do- 
main configurations as the relative importance of various 
terms changes. 

(vi). Energy due to an ambient field. A domain 
magnetized at a non-zero angle to the ambient field will 
have energy on this account. The existence of an ambient 
field therefore alters the energy balance and the domain 
pattern. The change may be reversible or irreversible. 

The irreversible changes are responsible for the remanence 
or magnetic memory exploited by studies of palaeomagnetism. 
It will be appreciated that the magnetocrystalline 
and other anisotropies ensure that individual grains will 
not be magnetized along the ambient field direction except 


avesaturacion.  Asrandom Qistetpution of such "grains is, 
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however, isotropic in bulk. Bulk anisotropy of remanence 
is seldom appreciable except in ores (Hargraves, 1959) 
and metamorphic rocks. 

Of particular interest to palaeomagnetism is the 
case where a grain has diameter of the order of the domain 
wall thickness or less. The grain will then contain only 
one domain and its magnetization will be the saturation 
Magnetization of the material. Such grains frequently have 
higher coercivities than multidomain grains because a change 
in magnetization cannot be accomplished by the relatively 
easy mechanism of domain wall movement. An anisotropy 
energy must usually be overcome, and this may be large. The 
lower size limit for single domain grains is reached when 
thermal fluctuations are of the same order as the energy 
barriers between adjacent easy directions in the crystal. 
Thus the probability dP that thermal fluctuations will 
CVELCOMe sal senerey ebarrier Bain tine dt vis eiven by (Stacey 
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If the energy barrier is provided by an anisotropy with 


energy per unit volume K, then 


Ey == Dike 


where v is the grain volume. 
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A time constant T may be defined for an assemblage 
Gf lerains of ssimilar size, which vcivesythestimesgfor the bulk 
Macnetizationuto dropsto.]/esot 1ts.tnitial valueyin the 
absence of an ambient field. Consideration of cana. test 


above and others, yields 
vK 
ae = G exp (7) e e ° ° ° e (ies) 


Neel? (1955) -arcues that, © is of the order of 10 sec. 
Stacey 1 L9G3)aenrives sat avysimilar figure, by other means. 
The exact value is unimportant, because the expression for 
T is dominated by the exponential. 

LOreValues ol, Vv OL lesuch sbhat ? yis=small>on the 
experimental time scale, the remanence follows the ambient 
MGliMcOLeanplonatievy smalls values Onethe mield,, bits fide 
displays a field dependent susceptibility. The grain 
assemblage is then said to be superparamagnetic. For a 
given v, T is strongly dependent on T. The temperature for 
tT = 100 secs is called the blocking temperature for the 
particular grain size. SimitatrLy the svolume Lor. = 100 
secs at room temperature is known as the blocking volume. 

Most of the minerals of interest in palaeomagnetism 
have compositions located within the ternary system 


Ti0,-Fe0-Fe,0,. Others of occasional interest include 
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goethite (a FeOOH) and Pyrrhotite (FeS). 
Magnetite, of particular interest in dealing with 
igneous rocks, has a saturation magnetization of 4U. (Bohr 


magnetons) per molecule or 92 Aine 4 


Kg (92 emu/gm). The 
ferrimagnetic sublattices of magnetite are so arranged that 
there are twice as many iron atoms in the B sublattice as 

in the A. All the A sites and half the B sites are occupied 
by trivalent ee ions with moment SU, per ion. These there- 
fore cancel. The remaining B sites are occupied by aoe ions 
with moment 4Up per ston which provide the externally 
measurable magnetization. 

The magnetic properties of haematite are of par- 
ticular interest. A high proportion of all the palaeomagnetic 
results to date are from redbeds whose main magnetic consti- 
tucnt /ist*haematite. *4aSinece fttistnominally tanerrerremagnetic, 
it should show no net magnetization. However, a small para- 
sitic magnetization in the basal plane exists. Dzyaloshinski 
(Stacey, 1963) and Moriya (1960) have suggested that this 
LS due to aespin®intéraction-~whtehecants ethetspins eouttof 
perfect antiparallelism, giving rise to the basal spontaneous 


fagnetizatpveneofktabout OL0LUS peremolecubetorh0sZ21s O54 


mingne tt 


B 
(0.2 ~ 0.4 emu/gm). Although the spin canted magne- 


tigation dstthought tomgivetrisce totthethighmeaercivity 


fraction of the remanence, at least in fine grained haematite 
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(Dunlop. wo 7) there fi sweviidence fom aystrain ssensi tive 
latoice detect) moment) salone  thethiadeax is V(Porath 41963) ; 
Large haematite crystals exhibit a transition (the 
Morin ‘transition, — Stacey. 11963) at cabout ~25°C below which 
the spin canted moment disappears, leaving only a magneti- 
zation along the triad axis. It is suppressed in grains 
smaller than .03uUm (Dunlop, 1971). Haematite shows another 
transition at 675°C which has been interpreted (Neel, 1955) 
as the Neel point, i.e. the temperature at which antiferro- 
magnetic ordering disappears. There is some controversy 
over the behaviour of haematite, particularly at high tempera- 
tunes. | Loeresappesars to. be another transition art belek. 
and Al-Khafaji and Vincenz (1971) report a ferrimagnetic 
Curie point in haematite at 7254 Ce They prefer the Neel 
CLOS5S5) theory cotea. 2attice defect moment: sivine Tiss ito 
"ynseudo-ferrimagnetism" with coincident Curie and Neel 
poOLnte at 725°C. Smith & Fuller (1967) demonstrate the 
survival of a defect moment from below the Morin transition 
to 7254 C, together with a soft spin canted moment existing 
between the Morin transition and 675°C. Their experiments 
appear to have been on single crystals, but this is not 
clear from their paper. Dunlop (1971) has shown that the 
ratio of saturation remanence to saturation magnetization 


in fine grained haematite is greater than 0.5, as would be 
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expected for an anisotropy with 6 easy directions ina 
plane (i.e. the spin canted moment). He reports that the 
lattice defect moment in such fine grained material is soft 
and is reduced or removed by annealing. The possibility of 
a dominant strain sensitive moment in haematite is dis- 
turbing, because rocks are frequently subjected to strain in 
the course of their history. However, both alternating field 
and thermal demagnetization appear to discriminate against 
it in fine grained haematite (Dunlop, 1971). 

the coercivity of ajmineral is a function of its 
anisotropy energy K and saturation magnetization Js It 
also depends on the symmetry of the anisotropy easy directions. 
For the spin canted moment of haematite it is deduced by 


Dunlop. (1971) storbe 
Hoo = =... se se e «6((1.3) 


i H/m. 


where Uo is the permeability of free space, 47 Xx “Om 
K and Je are both functions of temperature and grain size 
(Dunlop, 1971; Banerjee, 197la), rather than constants, as 
has been frequently assumed in relaxation calculations (Creer, 
HO 6lsuCGhamalaun,ol9645 Strangwayeecetaalme 1968) ee eDanlope(19/71) 


gives the temperature dependence of and oF (the magneti- 


Zationeper. unit mass)» for “grains in tthemsive range) 4:21 .a/. um; 
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so that the temperature dependence of K may be deduced. 
Insértton®oftthesetvaluestof’K-into eqn#?le2%¢gives the 


variation in relaxation time with temperature shown in 
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Rabie ha tVariation®of*Relaxation Time with*Témperature 


For Haematite Grains With Average Size of 0.4 um 
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The result of taking the temperature dependence of 
K into account is to make relaxation time an even more sharply 
Vanyinge funetion ‘of “'*than has "iritherto "been thought. A 
range of 50°C takes this grain size from the very stable 
U3 


relaxation time of 4 x 10 years to the boundary of the 


superparamagnetic state. 
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The superparamagnetic size limit for haematite at 
room temperature was recently found experimentally by Banerjee 
(A970by to biepscove7sum ora??? .Sinm. WaThistds al sotalstronk 
funetionsof temperature, sincetiteist believed that K for 
haematite drops to O for the size range .029 - .06um at 
least over the temperature range 1002800 6 (Banerjee, 197la 
and persaticomme) .toOThismhastauprofoundserfect® on» interpreta-— 
tion of remanence mechanisms in ultrafine haematite. Banerjee 
has also deduced the critical size for single domain to mul- 
tidonaine transithdonsito berl5umeiromt data’ of®Chevaliier 7s 
Mathieu (Banerjee, 1971b). Thus between 15um and 27.5 nm 
(.0275um) haematite is expected to form stable single domains 
at room temperature. This covers the size range most common- 
ly observed in red shales and silts. Thus the possibility 
ofenudtiddomainibehavioumiwith its) attendant complications 


need not be considered here. 


1.1.3 Remanence mechanisms, in rocks 


There are a number of mechanisms whereby rocks may 
acquire a natural remanent magnetization (NRM). 

(i). Thermo-remanent magnetization (TRM). An 
assemblage of ferromagnetic grains in a typical igneous 
melt*°will be above its Curie. point, and will therefore behave 
paramagnetically.'iAs therintrudeéed*or extruded melt cools 


and solidifies the grains will become magnetically locked 
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INnCOmtMesd1 Gectioniseor the ambiente. field at their individual 
blocking temperatures. In sedimentary rocks this mechanism 
is only of importance where they have been strongly heated, 
Sucheaspatethe Marcin sotean interes on. 

Ga). eeGnemLcaia (ar schystalilization) remanent 
magnetization (CRM). A magnetic mineral phase in a rock 
may be formed by low temperature crystallization. Thus 
haematite may be formed by dehydration of goethite during 
lithification. As the haematite crystal grows, its volume 
will pass the blocking volume and it will become magnetically 
locked in the direction of the ambient field. This mechanism 
is considered to be of great importance in the magnetization 
of red sediments (Creer, 1962; Collinson, 1969). 

A number of natural chemical systems may produce 


the magnetic minerals (mainly haematite) observed in sedi- 


Mentarverocks..) Minerals or) interest include ferrous bicar<= 

bonate-Fe(HCO,),, siderite-FeC0,, goethite-aFeOOH, magnetite- 
i - -OF : 

Fe,0)5 maghemite yFeo, and haematite-a e703 


Ferrous bicarbonate can be transported by water in 
Solution. amorphous PeOOH as as colloid) and) the voxides, in 
suspension. The bicarbonate will precipitate as the carbonate 


in the absence of CO, and then may break down to form either 


2 


maghemite or haematite (Deer, Howie & Zussman, 1966). Amorphous 


FeQOH may crystallize us coethite or dehydrate directlyato 
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faematrtre. GCoethite ftselft “could acdutre a eCRM since it is, 
Pree haematite, aneantiterromagnetic witha stable parasttic 
remanence (Strangway "et -al’s;, 1968). ©"1t¢ "is "likely “to ‘dehydrate 
Co haematite during “itthrirrcation. 

Maghemite is ferrimagnetic, with spontaneous 
Magnetization istmilar-to magretite, but 1t inverts to 
haematite on heating to between 200 and 700°C; depending 
on the history of the sample (Deer, Howie & Zussman, 1966). 
Exchange interaction between the two minerals has been re- 
ported. Porath (1968) found that haematite produced iso- 
thermally from maghemite acquired a CRM in the ambient field 
direction, but at 90Z completion of the reaction, exchange 
interaction between the two minerals occurred, locking the 
remaining maghemite to the CRM direction, and producing a 
strong remanence. Porath argues that this implies the 
haematite remanence is along the triad axis rather than in 
the basal plane, because otherwise spin interaction should 
magnetize the maghemite at right angles to the CRM. Hedley 
(1968) reports a self reversal during a similar experiment, 
presumably also due to exchange interaction. 

Magnetite occurs as a detrital mineral in many 
sediments sand ‘wii -oxtaLze to naemarrterin SulcapLle condi taons, 
perhaps via maghemite.’” Porath “(1968) ‘points out that 


magnetite and maghemite both have inverse spinel structures, 
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so that if maghemite participates in exchange interaction 
with, haematit e.. magne ttitel might=also dotto. TiTha si thasimot 
been Kneported as tiie: posisisbiliityiof exchanged nteractions 
during CRM formation complicates the interpretation of 
haematite CRM where residual maghemite is present. 

Any of the above oxidations, dehydrations and 
inversions could lead to the growth of haematite grains 
igieecsothermal conditions, makine asCKM possible’. 

For palaeomagnetic purposes the main problem 
associatedewithe CRMedsuthegitimen offi acquisitions Ltecould 
in principle extend from the time of deposition to the 
present. However most of the processes described above 
should ibevactivated) durincadithificationbaproye (197 2)) has 
shown by a series of acid leaching experiments that the 
remanence of the Hopewell group consists of a detrital 
remanence (see below) followed by a CRM in the haematite 
pigment which is distributed in time and spans at least 
one field reversal. The system became closed in a period 
of-less than)35im.y..as demonstrated%by a fold!test’ (Grahan, 
1949).,4 Thissplaces«aatentativyemupper bimit on the time lag 
between deposition and the acquisition of a CRM. 

(iii). Viscous remanent magnetization (VRM). If a 
kangesofiiabzes oof gtagnetilabgnains lis aprnesenteinraerack yesome 
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onder ,obsdays eto ythousands fof iyears. «Such grains willerelax 
Go, seo, Llowsethe spresent siield, mone onesless.44,This gis «known las 
VRM. Gentle heating during burial can change the size range 
so affected, imparting magnetizations over a long period of 
time which have a higher blocking temperature on the labor- 
atory time scale. This is known as viscous partial thermore- 
manence or VPTRM. It can often be removed by thermal treat- 
ment. 

Give es Isothermal remanent magnetization (IRM). 

This is merely the magnetization of a substance by subjecting 
Lt.-to 2 .s trong pmagnetic field... Lightning strikes can give 
Bisse stoenaturna LeiRM. s.Craham.@L96l) was abite .tactracewthe 
course of one such lightning current by mapping the direction 
of magnetization in the surrounding rock. 

Sinee pthesdi nection sof gan ebRMN eis gnoGsrnelatedyto that 
of the main geomagnetic field, and is generally scattered, 
bteCOnsS LLGULEGS, assOlncesot, noise. It can be removed by an 
abtepoatbing, Ete lid ,equal to, thatwwhichsproduced salt. This sis 
ghten -possible.~(MchlLhinny..& ¢Gough ..19,63,)., \but @hs better 
avoided by careful choice of sampling sites. 

(v)..- Detrital nwemanent magnetization (DRM).«4 Dunning 
deposition of a sediment, magnetic particles can become aligned 
in the direction of the ambient field and preserve it more 


or less well during subsequent compaction. DRM is subject 
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toa number of disturbine influences (King €* Reess 1966). 
BOtCtom= currents. particle Tolianesand’ slopine™ beds= can als 
cause inclination bias. Non-spherical particles have a 
tendency to Liev itatl te LE* the magnetization isscontrolled 
by shape anisotropy as can happen in magnetite, this can 
also bias the inclination. Experiments by Irving & Major 
(1964) suggest, however, that a deposited but unconsolidated 
sediment can acquire a post depositional DRM by rotation of 
Magnetic particles in the interstitial water jacket. This 
mechanismyis notesubject to biasing. —Although inclination 
error is well established in varves (Rees, 1961), it does 
not appear to exist in red beds (Creer, 19673; Strangway 
etyal.,.lI71).. Theyditfterence”™may be due topthesmacnetic 
particles being smaller than the quartz matrix, so that 
intersticessof appropriate sizésexist. (Straneway, 1970)% 
In a well sorted sediment, the density difference between 
quartz and the iron oxides would tend to favour this. 
Application of Stokes! claw suggests that thelratiov of quartz 
diameter to haematite diameter should be 1.6 for spherical 
Srains, 

AVrurther disturbing Jintluence isthe randomizing 
effect of Brownian motion, which sets a lower limit on the 
Sizgervotrepartivcle which  seanscontri Du tema gi eCad tl Vat OmURM. 


Collinson (1965) suggested that Langevin's derivation of the 
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susceptibility of a paramagnetic gas was a close analogy. 
The bulk magnetization as a fraction of the maximum possible 
DRM (all particles aligned parallel to the field) would be 


expected to vary as the Langevin function, L(a), where 


jue ARE 
Bs Bae. S 
kr 
1 
and 1a) = eo th Cay = pa eo ae BEX Cla) 


Collingon! ssvaluenor 0.5 Dust 


(.05 emu/cc)y*for J is no 
longer appropriate, because haematite in the size range of 
Interest isyalmose certainly sine le domainedyand therefore 
saturated. His estimate of Tot sem as the diameter where 
this effect will become important is therefore not tenable. 
Insertion of values of ioe peer Mey @ Je» 40 ne aan for the 
earth's field and 300°K for T gives the values for magneti- 
ZatLon etficiency Ltound in Table L.ib. Lt will be seen 
that grains with diameters of .2uUm or less (about the limit 
Stop E NCA OobSservatlonyiate nota likelye to rcanty, a -sadenitacant 
Catiasor pene bulk. DRM. 

(vi). Anhysteretic remanent magnetization (ARM). 
A rock sample being subjected to alternating field demagne- 


tization in the presence of a Small steady riveld will pecone 


Magnetized in the direction of the field (Nagata; 1961). The 
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Table iwlb.  thestifect of ihermal Apitation on DRM) in 


Haemaitdt era Sm aes EUimet iO nerOll a Gis aden omeazre 


Spherical Grain Magnetization 
diameter (um) Chso-f sia tuna ted: DRM) 
ys 0 84.0 
8 70.0 
6 4170 
4 13.50 
2 he, 
AL a 


Oe 203 
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remanenceliresidesrdnigrains withscoercivity equalt'ton the 
peakea lrernatinegl titeld), mote thelismal 1st ealdyeft eld .lemhis 

is normally considered to be a laboratory effect, but 

Nagata (1961) suggests that it might arise in nature if 

the magnetic field due to a lightning strike was essentially 
periodic in character. The effect is avoided when not desired 
in the laboratory by careful cancellation of steady fields 
and tumbling the sample during demagnetization. Care must 
be’ taken! to drive the a.f. apparatus with a high: purity 

sine wave. As little as 1% even harmonic distortion is 
equivalent to a steady field considerably stronger than 

thea earth "ss ate maximum? ay fel drdve.e Thisiprobiemi is» mini 
mized in apparatus where the drive coil is part of a 


sharply tuned series resonant circuit. 


1.2 Laboratory, Techniques 


Laboratory techniques are well described in 
"Methods in Palaeomagnetism" (eds. Collinson, Creer & 
Runcorn, 1967). They are therefore only treated briefly 
here.** The natural* remanence of a rock sample is generally 
a composite of the original, or primary magnetization, and 
various secondary components. These secondary components 
may be due to weathering or groundwater circulation (CRM), 


heati neta VPTRM)s of dightningt GRM),. bdniadd ition, itl the 
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rock sample has grains with relaxation time less than the 
age! of ethe wioclkgitiaviikH have yaaVRM af Lhe, object sot ehaborna- 
tory treatment is to discriminate between these various 
possible components and identify the primary remanence. 
The most commonly used discriminants are coercivity and 
blocking temperature. 

The NRM may be divided into coercivity fractions 
by subjecting the sample to an alternating magnetic field 
whose peak value is smoothly reduced to zero. This has 
the effect of randomizing that portion of the remanence 
with coercivity less than the peak alternating field. This 
treatment is particularly effective in the removal of IRM 
and VRM. The primary remanence (TRM, DRM or CRM) is gen- 
erally harder than the secondary, although this is not 
necessarily so. 

The NRM may be divided into blocking temperature 
fractions by heating to successively higher temperatures 
and cooling in zero field, thereby randomizing components 
with lower blocking temperatures. This treatment is par- 
ticulbavly effectiv.e lin weheagrenovalMo fav. Ri RM @and Cinediscri= 
minating between components residing in different minerals, 
with ditfterent-Curte—points. 

Neither treatment will remove a CRM residing in 
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blocking temperatures close to the Curie point of haematite 
and coercivities beyond the range of the a.f. demagnetiza- 
tion apparatus. 

The remanence of the rock sample after treatment 
may be measured by use of an instrument directly sensitive 
to the magnetic field of the, sample such as an astatic or 
parastatic magnet system or a fluxgate. Alternatively it 
may be measured by causing induction in a pickup coil 
during angular or linear movement of the sample. 

Interpretation of the results obtained by partial 
demagnetization is considerably assisted by a knowledge of 
the magnetic content of the rock, as provided by microscopic 
examination of polished thin sections, chemical analysis 
usapewan eclectrongsmicroprope or X-ray ditfiraction, anstru— 
ment, and separation of the magnetic fraction. 

Further insight into the inherent magnetic proper- 
ties of the rock is provided by giving the rock a stepwise 
IRM in magnetic fields increasing until saturation is reached. 
A crude analysis into magnetite, specularite and pigment 


fractions 1s possible using the IRM data alone (Dunlop ,» 1972). 


fesultAnalysis of Data 


A widely applied method of analysis of palaeomagnetic 


results has been proposed by Fisher (1953) and elaborated on 
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DyeWaccon a(19504,0.,.1966,° 1970 )_  watoon OnelLrv Lie CL 957), 
Epp, lukey, & Watson (1971)%"Coxt (1969) and McKhihinny (1964). 

The method is based on treatment of palaeomagneti- 
cally determined directions as unit vectors, which may con- 
veniently be represented by points on a sphere. The points 
are assumed to be distributed about some population mean 
direction with probability density 

K Keos 8 
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The parameter K is a measure of precision. 9 is the angle 
between the mean direction and any given observation. au 
the lazimuthdl angbe Jais:tunidfozmmly distributed. The best 
estimate of the true mean direction of the distribution is 
given by the vector sum of a random sample. The best es- 
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DOtekegreater tian 39. —Inepartacular, of, 0f. the observations 


will be found within 863 where 


S) = 81 k degrees. 


this is) the analogue of the standard deviation for the 
Normal distribution. 

A cone may be described about the sample mean 
direction such that the population mean direction may be 
said to lie within the cone with 95% confidence. The semi- 


angle of this cone is given by 


ooue 1 - —— <((= 


where P is 0.05 for 952 confidence. 
Wilson (1959) has proposed another measure of 


sample scatter given by 


6 = DS Ran 


It makes no assumptions about the form of the distribution 


and has no precise statistical meaning. For a Fisher dis- 
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tribution and sufficiently large N it may be shown to be 
equivalent to the definition of O63: 

Since scatter may arise from a number of causes, 
it is useful to analyse the results at a number of hier- 
archical levels. Sampling is arranged at a number of sites 
spread through a geological formation. Multiple indepen- 
dently oriented samples are obtained at each site, and a 
number of specimens may be cut from each sample. The 
specimen directions may be meaned together to provide a 
sample mean. The between-specimen scatter represents small 
scale inhomogeneity of remanence and measurement errors. 
A number of sample. means may be combined to form a site 
mean. The between-sample scatter includes orientation 
errors and large scale inhomogeneities. A number of site 
means may be combined to obtain a formation mean. The 
between-site scatter will include the effect of geomagnetic 
variations on the between-site time scale. Ideally the 
formation mean will average out the secular variation and 
dipole wobble, but not cover sufficient time to include 
appreciable polar wander. The sampling should therefore 
span about 10? years. 

A formation mean direction is most simply compared 
with results from other formations in different localities 


by mapping the inferred palaeomagnetic field direction to a 
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"“palaeomagnetic pole" (Irving, 1964) by assuming a geocentric 
dipole field configuration. 

the bearing of the pole trom the site location is 
given by the declination.  The™~palacomagnetic colatitude p 
of the sampling site is related to the magnetic inclination 


2G jy 


If the present-day latitude and longitude of the sampling 
locality are X and >, then the location of the palaeomagnetic 


ole 2X is given b 
) HE oF g yi 
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Declination D is taken to be positive clockwise from true 
north, inclinationsI.4s taken positive! down (Irving), 1964). 
Alternatively, the pole may be found graphically 
ont atisphericadaprojectioniusdner Di andip (CGrahamg? 19555 )e 
The circular surface trace on the unit sphere of 
the cone of confidence about the mean direction maps to an 
oval of confidence about the pole whose major and minor 


axes, Om and 6p are given by 


Sp = Ay, (1 — Siiose Dd ty the Atthevaries from 05—-2.00 


as I varies 0=9:0- 


6m = Ag5(sin p/ Coss.) ede ete ese eV a Lees. t HOmaL— 20 
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An alternative method of analysis is to calculate 
a palaeomagnetic pole corresponding to each site and then 
obtain a cone of confidence about the mean pole with semi- 


angle A If the sampling sites are widely scattered the 


oS 
second method is preferable, because it takes into account 
the between-site scatter due to the spatial variations in 
the dipole field. For sites closely spaced, the two methods 
give similar results. Which is used depends on whether the 


daisttraibutdon. of site’ mean directions or site podes! corres= 


ponds most closely to Fisher's distribution. Strictly 
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speaking they cannot both do so. 

In this study single sample directions have been 
combined to give site means, and these combined to give 
a formation mean. Both individual site poles and the pole 
of the formation mean direction have been found. Calcula- 
tions were performed by means of programmes employing an 
IBM 360/67 computer in remote terminal and batch mode and 
a Wang 600 programmable calculator. Programming was largely 
pescormed by Ura McMurry with Various modifications): and 


programme maintenance by the author. 


1.4 The Importance of Precambrian Palaeomagnetic Results 


All earth history from the formation of the earth 
at about 4500 m.y. to the emergence of considerable quanti- 
ties of animal lite at apoue 600m. y. “ts “classed Fas *ttre 
Precambrian aeon. It thus encompasses the first 7/8 of the 
history of the earth. Despite this, relatively little work 
has been done on Precambrian rocks because of their generally 
poor state of preservation. Precambrian palaeomagnetic 
results constitute 42 of *the “entries in “the Irving-McEthinny 
DOLe glo ts. 

Palaeomagnetic results from Phanerozoic rocks (the 
last 600 moy.) have been forthcoming “in some ‘quantity “trom 


alt tie continents except “Antarcticacy” “With “the aid orYthese 
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results it has been possible to make palaeogeographic re- 
rOnetructLons (Rov, L972* Creer ,at960: McELhanny, 1967.5 

Van der Voo, 1970; Irving, 1964) which supplement those made 
One pPeometri con Seologic e¢rounds. (bud lard. Everitt os (smith. 
1S Oop etoile = altam 10/0 kino eel 65). el at ormat Lois as 
been gleaned about the intensity, reversal rate and palaeo- 
secular variation of the geomagnetic field (section 1.1). 

Lee touwclearly (Oteinverestato obtain asimi lar Sintormation 
aDOUbn Ene Other | o0f earth ini sco rv. 

Precambrian rocks are more or less well preserved 
in a mumber of shield areas. notably, those, of the, Baltic, 
Canada, southern Africa and western Australia. Palaeomag- 
netic results obtained from such shield areas may be used 
to demonstrate that: 

(i). <A geomagnetic field has existed at least 
since 2700 m.y. with field strengths similar to the presently 
observed values (McElhinny & Evans, 19683; Schwarz & Symons, 
L968). slhis implies the existence of a liquid cone of 
considerable size since those times if the dynamo origin 
Or ethe main tield is accepted. ~ [his is jin turn an important 
boundary condition in the whole question of the earth's 
Oeae2 Tis. 

(ii). The field had a dipole-like configuration 


over a considerable area of the surface at least at 1200 and 
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L100 s vo (rants ones 969 —8and chapter 7 of this the 
Sis). 

(eizisi A Relative drift has occurred between the 
Canadian and southern African shields during the Precambrian 
Gop aile a 189/025) 2. This suggests that the mechanism causing 
more recent drift may have been operative in the Precambrian 
as well. 

(iv). The Canadian shield has remained stable 
(with the possible exception of the Grenville Province - 
iIzvang.. Park Gs Roy.) 19/2) since,at  leasty1400im.v.. «Chapter 
7 joy Results from the Canadianyshieldvare thusslikely to 
present a consistent picture, and the shield should be a 
good site for extension of such studies further into the 
pase. 

It has been possible in the present study to 
estimate the time interval between sampling sites. The 
resulting reversal rate estimate enables a further boundary 


condition to be placed on any dynamo models. 
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2. LABORATORY INSTRUMENTATION 


2.1 Spinner Magnetometers 


The vector remanence of the rock specimens studied 
was measured on one of two commercial spinner magnetometers. 
The first, and most used, was the Princeton Applied Research 
Magnetometer (PAR) Model SM-1 with digital readout. It spins 
Ehemepecimeta (a 2am ae.) cCmeaytindem) at V0omhZ aterd ena 
pickup coil and employs phase sensitive detection, giving 
the magnetic moment of the specimen resolved along two 
orthogonal axes in the plane of spinning. Spinning in 
several orientations provides the third component and some 
redundancy of measurement to enable removal of various 
possible errors. The orientations are arranged to enable 
each component to be read with each polarity in each channel. 
This takes six spin wpositions, JAngexamination ory! Los usuch 
six-spin measurements for rocks of various intensities 
revealed that for specimens with total moment greater than 
tex 107° fete Cox (Was emu), the difference between the 
full reading and a subset employing three spins (all compo- 
nents in all channels) was less than 2. in 93% of the cases 
and less than 5° in 97% of the cases GAD pend. sae je On the 
basis of this only rock specimens with moments less than 


1 x Come Nene were measured using the full spin sequence. 
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The manufacturers claim a minimum detectable moment of 

be ire eee Dut pth is) is wnogtteasidy treached,,in practice. 
TheKins trumentel seprovyided swith internnal,.calibration circuitry, 
but an absolute calibration was made using a 100 turn coil 
wound @on 5a 2.34" ~h2254hemecylindrical 4fourmerian Lhe coi] 

current was supplied by a sine wave oscillator, which 

removed the need to spin the coil. A synchronous, but 
appropriately phase shifted, square wave from the same 


oscillator was used to trigger the reference circuits. The 


magnetic moment of the coil was taken to be 


Petey en taps 


where n is the number of turns, I the root-mean-square 
current and A the cross sectional area of the coil. The 
relationship between magnetometer reading and calibration 
current was found to be linear within experimental errors. 
Given the daily calibration procedure used in the laboratory 
of employing the internal calibrate on one channel and 
Eransterring:, it) to (the other using ay standard specimen, 

the channels are equal to within 4%. However the readings 
requires to pe reduced by l2.6,) Lomubpemcorrect inv aneapsolute 
sense. This correction has not been applied to results 


reported here. 
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The second magnetometer was supplied by the 
Schonstedt Instrument Co. (Model SSM-1). It employs a 
fluxgate as the sensing element. Although the fluxgate 
is capable of measuring steady fields, the specimen is 
spun at 5 Hz so that phase sensitive detection may be 
employed to discriminate against noise. The arrangement 
of the ‘sensor ‘on hel spam faxdiisiinakes! 4 th rpar ticular ys easy 
to extend the dynamic range of the instrument by moving 
the spinning specimen further away, but it makes the magne- 
tometer very sensitive to specimen inhomogeneity and 
inaccurate centring for weak specimens, A different spin 
system was developed for the Schonstedt instrument to 
minimize this problem. It meets the constraints applied 
above, and also presents all faces of the specimen holding 
cube to the sensor. Six spins per measurement are required. 
A three spin subset appears inadvisable. 

A comprehensive set of comparison measurements 
using the PAR and Schonstedt instruments revealed that 
direction measurements agreed within 3 amin 387; 5° in 64% 
and 7° in 80% of cases in the most sensitive position 
(Appendix *2)) In-the ‘next most ®sensitive position the 
corresponding ‘proportions were*62Z;"/74Z -and'90Z. Atethe 
remaining positions differences were acceptably small. 


Amplitude comparison using the same readings revealed that 
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Ehepochonstedteinstruments ~readsmw94 2684 and,91 #167 of 
the PAR reading in the most sensitive and next most 
sensitive positions. Since the correct reading in absolute 
terms is 87.4% of the PAR reading, the Schonstedt readings 
may be taken as being absolute within the error limits for 
weak samples. The Schonstedt magnetometer was only used for 
2%4 of the 4000 remanence measurements made in this study. 
Hollerith cards were punched from the measurement 
booking sheets for batch processing on an IBM 360/67 computer. 
Latterly (the last third of the study) measurements were 
entered directly into a Wang programmable calculator and all 
corrections made immediately, so that a close check on the 


effects of demagnetization could be kept. 


2.2 Alternating Field Demagnetizer 


The apparatus used is similar to that described 
by McElhinny (1966), and has been described in detail by 
Murthy (1969). It employs a two-axis tumbler with 11:16 
tumbling ratio so that all directions in the sample may be 
presented to the maximum demagnetizing field. The peak 
demagnetizing field available is about 1.4 x tae A/m 
(1800 Oe). The peak flux density in air (in milliTesla) 


rather than the speak field strength is quoted in the .re— 


mainder of this thesis because it bears a simpler relation 
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to the electromagnetic unit (l mi = 10 gauss). This is not 
strictly correct because the flux density in the sample is 
dependent on the sample magnetization. 

The author has improved the apparatus by rewiring 
the controls for tumbler, alternating field strength and 
steady field cancellation. | All controls are now in one 
panel, considerably improving the ease of operation. The 
reliability has been improved by the elimination of a stepping 
relay, and the sensitivity of the steady field cancellation 
increased by the insertion of a workable fine control. The 
demagnetizing cycle is completely automatic once initiated 
DYE deoLalbtecontroL on, the panel. The control circuLt is 


shown in Appendix 2. 


2.3 Magnetically Shielded Room. Testing 


A magnetically shielded room has been constructed 
in the Palaeomagnetism Laboratory. Specifications may be 
found in Appendix 2. 

Immediately after completion, the ambient field 
inside the room was about 600 nT (600 gamma) reversed with 
respect to the earth's field. Over the course of some 
months 1t aged to about 1/3) of this, but was finally reduced 
to the region of the theoretical value of 40 nT (40 gamma) 


by application of the alternating magnetic field of a 
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television degaussing coil to all the inner surfaces. This 
final inside field represents a shielding factor of a little 
better thamh1L000,. 
The production of zero field inside the room can 
be achieved by giving the walls a controlled remanence 
CP at Con eel9.0e/JaeDiliiest ice emetic.) I vedmtoedgt tt, andl t was 
thought better to employ a triaxial set of single turn square 
Helmholtz coil pairs driven by constant current supplies. 
The gradient in the absence of the coils is about 10-20 
nT/m-(0.1-0.2)' gamma/cm) over the central cubic metre of the 
room, and is only marginally worse than this outside the 
central region. There are anomalies associated with indi- 
vidual. flaws;of.up:to 40 nT.but these are all at the walls 
and die off rapidly with distance. Anomalies of 150 nT are 
associated with the door sliding mechanism, which unavoidably 
includes some steel. This also falls off rapidly with 
distance. It is undetectable near the room centre. The 
room is normally operated with the doors shut during sensitive 
experiments. The door makes an undetectable difference to 
thedfieldpingathenfurther thalfirof-thenroom, buty,akiects,can= 
eelbationginuthe nearnghalfebyeasimuch as,2Z00cnl. 
GanceilLlationgin thencentralygnecitangof the coil 
system maysberset.to within; 2-nT,and-is;ystable to within 
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over the space occupied by samples during thermal demagneti- 
Batiom (section 2.4) as apoute. nl. 
The shielded room is in routine daily use for 


thermal demagnetization of rock samples. 


2.4 Furnace for Palaeomagnetic Samples 


A non-magnetic furnace has been installed in the 
shielded room by the author. The furnace itself was 
supplied by the University ofr ekhodesta,ewand thetriac 
control unit by Research Incorporated of Minnesota. The 
furnace coil is non-indw@epively wwoundsandad riven hy up to 
5 A at 200 V. Since the heated space is small, the thermal 
inertia of the system is small and up to four heating runs 
per day may be arranged. A maximum of ten specimens may 
be heated together in either air or nitrogen at temperatures 
Ora prec o 800 Co Ihe specimens are placed on stainless steel 
shelves inside a 5 cm diameter copper tube (Plate 2.4a). 

The temperature difference between the hottest and coldest 
sample positions is 4°c at 650°C. The copper cylinder is 
hard chromium plated to inhibit corrosion. Furnace tempera- 
ture is measured using a Pt/Pt-13Z% Rh thermocouple connected 
to the furnace power supply in a control loop. The power 
supplyeis a proportidonddwtriac “type comtrol ler strigsered by 


the difference between the furnace temperature and a pre-set 
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Plate. 2.42 


The rock magnetism furnace in raised 
position, showing the copper heating 
jacket and stainless steel sample 
shelves. 
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temperature. The time rate of change and the time integral 
of the difference signal are also used to achieve a stable 
control loop. Any given desired temperature in the range 
100°c to 800°C may be achieved within 2°c at the thermocouple, 
but care is required at the lower temperatures to avoid 
overshoot. 

The magnetic field due to the sample containing 
apparatus is 1 nT or less at the sample positions. Since a 
magnetic field of about 200 nT is associated with a component 
in the top of the furnace, samples are cooled with the furnace 
in a raised position. A cord and pulley system through one 
of the cable hoods makes it possible to raise the furnace 
from outside the room with the doors shut. The samples 


thusenormally ;cool,in ajtield ofviess than 5S nile (Ssecamma) . 
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3. PALAEOMAGNETISM OF THE CAMBRIAN MOUNT CLARK AND 


ARCTOMYS FORMATIONS 


37 Lee Ob J ectivesson the Studies 


The lower Palaeozoic Era presents a number of 
interesting problems to the palaeomagnetist. 

There is a hint that secular variation and dipole 
wobble were both small in the Cambrian (Briden, 1968), 
although this has not been found by other workers (Fahrig, 
Irving é"-Jackson, ¢9715"Robertson & Baragar; 1972; "Al—-Khafaii 
& Vincenz, 1971). It seems likely that the dipole moment 
of the geomagnetic field was at a minimum in the lower 
Paraeoz01 Gotti. L907, scechiwarz = s Symons, "f90G) 4 tits 
contradicts the small secular variation unless non-dipole 
components were also small. 

ine paucirty*olL Cambrian, Ordovician and od1lt7T tan 
palaeomagnetic results throughout the world, and particularly 
ror North America; “points to the need “for work in this area. 
There do not seem to be many rock formations in this age 
range suitable for palaeomagnetic study. 

The sampling of two Cambrian formations in western 
Canada was carried out in an attempt to improve the situation 
by providing palaeomagnetic poles and estimates of secular 


Variation, for tire CamUriwan.  “Unsortunately, 00 Lesulcs 
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applicable to this end were obtained. 


3.2 Mount Clark Formation 


3.2.1 Geological setting and sampling 


The McConnell’ Range of the Franklin Mountains 
along the eastern bank of the MacKenzie River (Figs. 3.2.la,b) 
is composed of a thick (10 km) succession of Proterozoic 
and Palaeozoic sedimentary rocks. The most prominent peaks 
in the range; Cap Mountain (C1560 m, one). We bo aeN) and 
Mount Clark (1462 nm, 124 e2%ows 64.4°N) are capped by a pink 
resistant quartzite horizon, the Mount Clark Formation. 
Williams (1923) produced a tentative stratigraphic succession 
for the area which has been modified only slightly by more 
recent work by’ Douglas and Norris (1963) and the Geological 
Surveyor, Canada in Operation Norman, (Aitken et. al, 1917.0).. 
Taple owe ela, «comp. ledwingadvancesOlLepublication ob the 
Operation Norman reports, shows the succession as it is 
currently understood. Williams (1923) reported the finding 
of a number of fossils which caused him to assign the Mount 
Clark Formation to the lower Cambrian. Douglas and Norris 
(1963) report the existence of lower Cambrian fossils in 
the overlying Mount Cap Formation. 

Aitken et al. (1970) interpret the regional geology 


as indicating orogenic uplift immediately post Saline River 
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areas. 


45 


; age We 
gnifanne Io agtiassof otdqa1tgo%g ent sf,8.€ ouagit a 
, - 7 


.PSssTse 


a be. 4 iad tere ; re 
ine nr . i is ay | 
Tk % bd _ . 


-Gt.Slave 


Supergroup 


e 
e 
e 


W/Arctomys Fm | 


45a 


: = ‘ 7 ; : 
a - 


ee 
Buk 


. | ie 
ne or ot Pe ee gente yi 


Figure )3.2.5Lb 


Location of sampling sections, 


Mount Clark Formation. 
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Formation, yis,e;., pre-middlesGambrian) -andiepetrogeniec,or 
gentle, swell-like uplift in pre-upper Ordovician, pre- 
Devonian, pre-Cretaceous and pre-Tertiary times. Recent 
MlactatLonenase ler errattcoadtathe  topNOt. Cape Mountarn, 
andwicl ose rol the (top otmMoun tec Lank. 

Samples of the Mount Clark Formation were obtained 
at Cap Mountain (6 sites) and Mount Clark (9 sites) at 
Loe  2Ose stratieraphacelatervals Chie. S27. be elie. two 
sampling sections were up gullies cutting into a dip slope. 
Although they are stratigraphically ordered, they almost 
certainly overlap. The samples from Cap Mountain covered 
theptopelOOsem sot the reported) total thickness of 150) m- 
theeMount Clark section covered about#i20 m, but its Location 
within the formation is not known. the Mount. Capvand saline 
River Formations, whose lithology also seemed promising 
(Table 3.2.1la) could unfortunately not be sampled, because 
they form a recessive interval and are not exposed. 

Sampling was byprield drilling using a drill simitar 
toathstedescribped) by Doel! and) Coxii(1965) sand orventation 
was by direct sun compass observation using an instrument 
similar to that described by Gough and Opdyke (1963).,. Five 
samples were obtained at each site of sufficient size to 
yield at Jeast two 2)..5  cmilong specimens. Bedding orientation 


at each sampling site was measured using a Brunton type 
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tables Jacalag lhe Cambrianeoctratieraphnic Succession 


Period 


Lower 


Cambrian 


Pre- 


Cambrian 


in the McConnell Range 


Formation Thickness Lithology 


Banded, calcareous 


Saline of red and green 


RESsE shale. 


Formation Red and grey shale 
contaimingssalt. 
gypsum and selenite. 


Covered Interval . 


Mt. Gap Grey and green 


Formation fissile shales. Red 


sandstone and shale. 


Migr Gla tle Pink & red quartzite. 


Formation 


Lone Red shale & 
Land ferruginous 


Formation sandstone. 


Haematite, red 
conglomerate, 


sandstone. 
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compass-clinometer, assuming the magnetic declination to be 
35.5°E at Cap mountain and 36.7°E at Mount Clark as extra- 
DOLabedetromemarpnets GeciartLemtonmel7 Oo .0) BeStriccaa were 
faiplysunirormweexcept tor sitesmat therbase of the Mount 
Clark section. Dips were in the region of 30 yin dips 
and strikes at each site, together with the stratigraphic 
arrangement of sites are listed in Appendix 4. 

A typical specimen name is MB5A. M denotes the 
study (McConnell Range), B the site, 5 the sample and A 


the specimen. 


3.2.2 Natural remanence and A.F. demagnetization 


The site level statistics for the NRMs before dip 
correction are given in Table 3.2.2a. The NRM site mean 
directions are plotted on an equal area projection in 
Fig. 3.2.2a. Two sites (MD and MM) have been rejected as 
Yandom (Watsoni71956) andZare notZplotted. It will be noted 
that the site mean directions group about the present field 
ate the sate, includine@itewithin the cirele of 957) conridence 
about) their mean.J Thusiwe cannotireject#the hypothesis that 
the NRMs represent the present field. This could have come 
about either as a result of recent weathering, which would 
givewanCRMuin the present fields direction or asia, result sor 


the predominance of magnetic material with short relaxation 
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fables oe.2e2a sMount Clark Formation. « Within-site statistics 
One NEMs. e Nowdiomcorrection applied. 

Site N D I k X95 R Notes 
MA 5 572.0 TG 2 18.9 IG 4.7844 

MB 5 IONE Beak 69.1 200 5. 4 4.9799 

MC 5 AS. 2 79.4 54 10 4.,9:255 

MD S) PMN ES) Z 73 3.0670 L 
ME 5 eller DOE 3 Dall Orato 00 2 
MF 5 ip DEES 1000 Lot 4.9960 

MG ) 343.6 6 a3 57 13 4.8915 

MH 5 306.9 74.4 Zl LES) 4569.13 

MJ | UT TPs POE: 32 16 3.9074 

MK 5 Ouse vi HR gal 60 10 4.9337 

ML 5 SoA Sia 5) 40 41399 

MM 3 IOS ao 47 £2 2 62 Ne Meee) i 
MN Ss Bp O13 Sess) 87 19 4.7607 

MO 6 Soa) 60.8 4 41 4.6138 
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fabite 3.2.2a Mount Clark Formation. Within-site statistics 


GUENRMes | No “dips correction applied: 


Continued 


Mean of 13 non-random sites. D = 31.5, I = 75.9 


Ko = 4. 0R Ry a2 12 L415, ae Mes te) = 2059 


O95 68 


Present, field in sampling area D = 36, 1 = 31. 


Notes 
tr. Directions = random,”on Watson’ s*CL956) criterion. 
2. Direction not random, but precision reduced by 


presence of one nearly reversed direction. 


N is the number of samples per site included in 


EN® mein GlsiiwOeCGieslL@im tei eae Saliee. 


D is the azimuth of the magnetization, in degrees 


GAGi2 Oi WiewVS ines2 elo 


teeis, the Jsnelination.ormtcie napne tization. in 


degrees below the horizontal. 


k and X95 are statistical parameters described 


in Chapter 1% 


Rete the Length of the vector resultant of sthe 


five sample directions. 
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Pigure 3.2.24 
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NRM site mean directions, Mount Clark 


Formation. 


applied. 


No dip correction has been 


The circle of 95% confidence 


about the mean is shown. 
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ELMeS Sl Vinee rise CoO ia VRMeo el hase serurther discussed 
below. 

Pilot specimens from each site have been subjected 
to alternating field demagnetization. . The variation in 
direction and intensity caused by this is depicted in Fig. 
BecseDe AN COrrection for therdip of the strata has been 
applied. Detailed results are listed in Appendix 1. 
Demagnetization produces no coherent trends. The pilot 
specimens iromysome sites: (MA..b, Cy 0, 2) change direction 
very little. Others move, but in no consistent manner. 
Exceptions are theMpilotsj|firom)/sitesiMG, MD and MMsewhich 
show considerable change in direction, but do not agree 
with each other at all. The pilot from MM moves to a 
position almost exactly reversed from its NRM direction. 
This is not understood. The intensity curves show a 
considerable drop in most cases. The lack of movement 
accompanying this drop suggests that there is only one 
component of magnetization present in many of the samples 


studied. 


Sie PD wSCcuss Lon 


Plate 3.2.34 i1Sha  pnotomicrocraphs or material 
from site MC. It reveals that the rock is a mature, moder- 


ately well sorted quartzite with very little of the inter- 
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Figure 3.2.2b Alternating Field demagnetization of the 
Mount Clark Formation. Pilot specimens 


from each site are shown. 
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stitial cement considered important in the magnetism of red 
sediments (Creer, 1962). No detrital ore grains were 
observed ing the thin) sections’ Anys thatyare present’ must 
berveryomuch)smaller thantbet quartz gradnsimakine up the 
rock. 

The alternative hypotheses of VRM and CRM may now 
Dbewexamined.) Magnetictesrains with short relaxation times 
will normally be expected to have low coercivity (Everitt, 
1961). Thus A..F. demagnetization may be expected to remove 
a VRM component. The response by some specimens described 
above may well be due to such a removal. On the other hand, 
remagnetization as a result of gentle heating during burial 
may be expected to give rise to VPTRM (Section 1.1) which 
may be quite hard. Such burial has occurred several times 
(Section 3.2.1 above), so that secondary components could 
have been acquired with the earth's field in various 
directions. A CRM resulting from recent weathering could 
be either hard or soft, depending on the grain size of the 
particles involved. Since at least some of the specimens 
demagnetized have a remanence directed along the present 
field and are not moved by demagnetization, it seems most 
likely that they have acquired a recent CRM. 

Fig. 3.2.2b includes two Cambrian directions 


deduced from the results of Al-Khafaji and Vincenz (1971). 
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None of the specimens shows an obvious end point near either 
Gfetthesehdirections or theireantipoles: 
Tt. is vconctuded thatla primary NRM direction’ is 


not recoverable from the Mount Clark Formation. 


3.3 The Arctomys Formation, Southern Rocky Mountains 


3.56) eceological’ settine and sampling 


The Cordilleran Geosyncline of the Southern Rocky 
Mountains contains some 4-5 km of lower Palaeozoic sediments 
(Aitken, 1966). These consist primarily of limestone and 
dolomite, but include some shale, mudstone and siltstone 
which might give useful palaeomagnetic results. 

In particular, the Arctomys Formation (red shale 
and siltstone) is present over a wide area and is much used 
as a stratigraphic marker horizon (Aitken & Greggs, 1966). 
The type section is on the southern slopes of Sullivan Peak 
GULGES aH s 51.9°N, ELCs) 3. 2atdin Seo. Lae) Lhestormeatwon seis 
essentially unfossiliferous, only a few unidentifiable fossil 
fragments having been found, but it is placed in the middle 
Cambrian by Aitken and Greggs (1966) on the basis of trilo- 
bites in the overlying Waterfowl Formation and the underlying 
Pika Formation. 

A reconnaissance collection was made from the 


Arctomys Formation. Five hand blocks of red shale were ob- 


| - . ju ge 
untiqane bos gaki3ee teotgotosd 1+8.% 
i ae 


yioo# arsdyzu0o2 sid to sntionyeaso sass fLtbrod edt wy 


siasatbse otososalet zewol to mi cos sme antasnep attapangy an 


bas snotesmil to yiluemtuq tatenas seodT eee 
snoseatie bas scotzhum ,alade smoe abulont aud ‘ethmofob 
tiivae@? sttenyamoealsg Lvisas avig sdgta. dotde 

afede bot) antaaszo0l symcvo7A sda ,telusbazag aE Cy 


boaw doum at bos sos obtw 2 tevo tgenstq @t (seazeatta bas 


.COVOL ,.egg97D 2 anedzLA) aoatiod yodzam cidgergtiasie 8 68 , 


deat navillys to aseqole saedauos add ao al nokioan aqes oft 
et notiee1s3 ad? ° . (woe. (ot,5.0-.agtt HO. 8.2L 
Itaect sidetitsasbinu wat s ‘lito .2d0ts3ilteeoiny ¢ilslsneass 
sibbta sf at hasalq at at jud , bavat aoed anived ainemgart 
-olis2 te giaed sd3 no (aaer) agao7): bas noAata ved motodmad 
anivilzebey ada bre cobiemiod Iwottasaw al oda at ead 


| Pee y Ree EE 


oft maz?-obem enw ape eerie sonneal sanbbae ” 


-do siow slede boa I ila ca baat evht one 
} * 


= 


Figure 3). 3\. la 


56 


Location of the Arctomys Formation type 


section, where samples were obtained. 
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tained, one from each of five shale bands spread through the 
250 m thick formation at the type section. Orientation was 
by means of a Brunton type magnetic compass clinometer. The 
rock in the vicinity was too weakly magnetized to affect 
magnetic readings. The magnetic declination was extra- 
polavedetromacharts for 1905,0 ..and taken. tombe 23 -uee he 
bedding plane orientation was similarly found. It was uniform 
throughowt the section, having a strike of 27 a and a dip 
of 16° to the SW. 

The samples are labelled AA to AE in order of 
increasing age. The two specimens cut from each sample are 


named A and B respectively. 


3.3.2 Natural remanence and A.F. demagnetization 


The direction and intensity of maenetization tof 
each of the five samples as they vary with demagnetizing 
bret deare sSshowneit hi evo. 0.2 A COLLTectuony LOt tie dap 
of the strata has been applied. It will be noted that 
although A.F. demagnetization has considerable effect on the 
direction, and intensity of magnetization, now satistactorny 
end points are reached. The two specimens AAA and AAB show 
typical intensity decrease for their stable directions. 
Specimens ABB, ACA and ACB all show intensity increases 


together with large changes in direction, suggesting that 
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Figure\3.3.2a A. demagnetization of samples from the 
Cambrian Arctomys Formation. Solid symbols 
are used for points on the lower hemisphere 


and open symbols for points on the upper 


hemisphere. 
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an opposed low coercivity component is being progressively 
removed. The specimens from samples AD and AE show small 


movement and smooth demagnetization. 


Bo Soe  DilSecnesiem 


Alternating field demagnetization of the Arctomys 
Formation appears to cause a general movement towards a 


ae, Which is snot epartieular ly 


direction near D = 140%. I 
close to the Cambrian directions at this location deduced 
From the tesultss of Al=-Khataji. and Vincenz, Cl971)-; Since no 
end points are reached, no Cambrian pole is calculated here. 
Further sampling and thermal demagnetization may produce 


more useful results. 
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4, NATURAL REMANENCE OF THE PRECAMBRIAN KAHOCHELLA 


GROUP, GREAT SLAVE SUPERGROUP 


Are Introduction 


4.1.1 Summary 


In this chapter the geological setting and sampling 
of the Kahochella Group is described, and the results of A.F. 
and thermal demagnetization are presented. It is shown that 
a well defined mean direction for much of the Group exists, 
although there are a number of anomalous sites. The removal 
of a number of secondary components by demagnetization is 


demonstrated. 


4.1.2 Objectives of the study 


Very little palaeomagnetic work has been done on 
North» American rocks in the agé range 2100 m.y. to 1400 m.y. 
(see Chapter 7). This seems to have been a time of consider- 
able apparent polar wander, judging from the disparity of 
about 50° between palaeomagnetic poles at either end of the 
interval. ©The Kahochella Croup, ‘consisting as ot does or ‘4 
great thickness of well exposed red shales (Section 4.2), 
Offers the opportunity not only to obtainua ood) palacomagnetic 
DoLlewateca.wLSOOs MN.) «4. Dit a SOs tos CUCyeUneCeUCinemvar lation 


of the geomagnetic field around that date. 
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TheSpnobabile time involviedain uth.e. cjeposit.on.o2 
Ereweroupe (about SU m.y, — see section,o.1) 1s such as to 
Spanwa —limerinverval comparable to ciate in whiten) dt veld 
reversals are known to have occurred in recent times. A 
reversal rate such as has been observed for the Permian 
Citvime §€ “Parry,) 1963) mights well “yield mo reversals in, 50 
m.y. Such a time scale may also include a small amount of 
polar wander. Jones & McElhinny (1967) claim to have re- 
solved a considerable amount of polar wander using results 
from a thick sequence of red sediments of similar age in 
ALrica. 

Thus a carefully designed sampling scheme which 
makes use of the available stratigraphic control should 
yield a crude, but nevertheless unique "tape recording" of 
the geomagnetic field at about 1800 m.y., provided an original 


remanence has been preserved. 


4.25 Geologic Setting and Sampling 


A time scale for the Canadian Shield has been 
proposed by Stockwell (1964)) Table 422a). “It uses: orogenties 
asedated bye k/Ar; methods to divide "the Precambrian imto Eras, 
notably the Aphebian Era between the ends_of, the) Kenoran 
@S90Rbuey.) and Hudsontian) Clo40 may.) "oropenies. = lie sshteld 


Mayea Psomperdividedsinto structuraleprovinces «Cotockwe1l e197 0) 


bioti dotiw ar dpdy o9 pn omtd a out 
A ,#emt? Jnacsx al bsx1v990 sven 63 nwond 978 diduatte 


astmis7 edt 10? bovasado neosd asi @6 tiove 9287 {se1svsT 


O@ nt elastovet of bfety Liew Jidgio (f£aer <vtiat 3 satyati 
to tnvoms Itsde ep ebutont ovals yom atsoe emis B dou? +yem 
-9% $vnd ot aiels (TOOL) yonldlSom 2 aenol idgihiaw' tn fda 
etivest giteyv w9hasw iszloq 160 Jnvoms sidersblanos 5 bsvios 


at sap talimre Yo adnoemibse bez to sonsupse 45 Ea3 6 mort 

© saorrth 

diotdw smedoe geilqane badernae yilute rs. a audT ide 
bluuona Loxinos attiuatad Santi s{deltavs a2 to geu estam 

to "gotbhrooes oqsd” sypinu essisdi raven bid ° atlas s blety 


Isnigtio ma babivorq ..v.m 0084 20¢eda,\ Je Siedi stiengemosg odd 


.bsvrsestg nesd 3hd Sononems2 


gpitqusd Sire grii392 2igoiesd c.a 


need eet bistd2 opthsensd af2 tii sigse omis A 
asinegoxo eaeu 3T . (aS. sideT ,AdeL) Ifswioose yd beaoqorq 
,ae72 oFnt awetxdwscerd 943 sbkvib o9 abodaom rA\A yd besab ea 
aevors® oft to ehas SY absesed urd atidedgd odd ybdazon 
Slezds SdT Jeetadgoxo (.yim 0881) nstaogbul baw (.¢-m OBES) 
(Over | I fewdo0s2) a ia fezusourse bint bobiyth ed oels yan 


’ ‘ote OO CR VW 


WistILiILw@Ome Ow Veactrs 


Table 


600 


800 


1000 


L200 


1400 


1600 


S00 


2000 


2200 


2400 


4,2a Precambrian time-scale for the Canadian Sh 


HeOMe Geol. ~OuLry maGai se baper O77 -2ebart eh. 


EON SUB-ERA OROGENY 


Sle abe 
MM* 880 
GRENVILLE; 
M*945 
NEO- 
HELIKIAN 
HELIKIAN M*1280 
ELSONIAN; 
M*1370 
PALAEO- 
HELIKIAN 
MM*1640 
HUDSONIANS 
M*¥1735 
APHEBIAN 
MM* 2390 


ARCHAEAN KENORAN ; 
M*2490 


a ee 


PROTEROZOIC 


M* mean age of orogeny in millions of years 


MM* mean age minus one standard deviation (K/Ar 
determination on orogenic micas) 


64 


ield 
LOS. 


600 


800 


1000 


1200 


1400 


1600 


1800 


2000 


2200 


2400 


Ssileax JO SUOTTTIN 


axaeY Yo enolfirM 


=0% AMAT 
WAITAT 39H. 


65 


Oonethe basis vor overall diftterencessin internal structural 
Erends  andestyile of folding. 

Thegmargins oOtGtnes slave Province: include four 
DaneestractsmoLrerroterozolce sedimentary rocks Cligww4, 2a). 
These are the Snare, Epworth and Goulburn Groups and the 
Great Slave Supergroup. Hoffman et al. (1970) propose that 
these are remnants of the "Coronation Geosyncline" which 
developed between a stable platform to the east and a late 
Aphebian orogenic belt (the Bear Province) to the west. 

In the area of the East Arm of Great Slave Lake, 
District. of Mackenzie, (Geological Survey of “Ganada Map L122A, 
Fig. 3.2.la) late Archean granites are overlain by the 
intensely folded Wilson Island and Union Island Groups with 
toral thickness at Least 7 km, which are in turn overlain by 
the Great Slave Supergroup. This is itself gently folded and 
intruded by quartz diorite laccoliths and diabase dykes and 
silts. |K/Ar ages of biotites from the dtorite are: 1845; 
iy ool Sooeand GG 3 Oma yen CG. on Ceol =/ 6 aideunpub iat shed a 
quoted by Hoffman, 1969). The diorites intrude all members 
of the Great Slave Supergroup up to and including the Stark 
Formation, which they appear to disturb. Hoffman (1969) 
therefore considers the intrusions to be contemporaneous 
with the Stark Formation. The diabase dykes and sills have 


been sampled for palaeomagnetic purposes by Fahrig and Jones 
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Figure 4.2a 


The remnants of the Coronation Geosyncline 
spread -round the borders of the Slave 


Province (After Hoffman et al. (1970)). 
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(1969. 5 sates )@and Irvine wet Sine o72e Bi sitesiie They are 
shown to be a part of the Mackenzie igneous event at about 
LEO Os 7 

Great Slave Supergroup strata are truncated to the 
south by the McDonald Fault, and are unconformably overlain 
by, the.very late Aphebian or Early Helikian rocks, of the 
Et-then Group. 

WhenGreat Slave Supergroup Was a maximums total 
thickness of mome than 8 km of] lavas.n Gedy and green shales 
and stromatolitic limestone and dolomite but the actual 
thickness of individual formations varies considerably, 
depending on the location. Hoffman (1968) proposed that it 
be elevated to the rank of Supergroup and subdivided it into 
the Sosan, Kahochella, Pethei and Christie Bay Groups. The 
stratigraphic nomenclature suggested by Hoffman is shown 
ijelabbe 4.42b. Olade and Morton (1972) have proposed tina 
the Seton Formation, assigned by Hoffman to the Kahochella 
Group, might more properly be regarded as part of the Sosan 
Group, but the distinction is unimportant here. 

The Kahochella Group, which consists mainly of 
unmetamorphosed mudstones and siltstones, forms the basis 
Ometitsustudy. Lt immediatelyhoverl ies the sevon shommar on 
(red shales and spilitized basalts), dated by Rb/Sr whole 
Yockmusocnron vat 1708 t elo) May.) Ueln gs ano Oa year half 


eiecm ror ee (Baadsgaard, pers. comm.). 
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Table 4.2b Tablé of Formations within the 


Great Slave Supergroup 
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Lithology 
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Tabste e4tn2 bo | Sh abl éidot eciematition'’s: ind thriin etire 


Great Slave Supergroup 


Continued 


Charlton Bay 150 m 
Kahochella 
mann 


Gibralter O50 om 
2 


Green 
are 1 Wieite 


Red shale, 
calcareous 
concretions 


Red shale 


Sickister me tall cece. 
red siltstone 


Seton 3 © Orman 


anole 


=f 
1500 m 


Red siltstone, 
white sand- 
stone 


Pink sandsitone 


Dolomite, 
orthoquartz- 
ite, silt- 
stone 


Hornby 
Channel 


Sandstone, 
dolomite 
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Hoffman (1967) has made numerous palaeocurrent 
measurements, the results of whieh are shown, in Big. 4.2b- 
The predominant flow direction during the deposition of the 
Kahochella Formation was towards the present SSE. This is 
important to the palaeomagnetic study mainly because current 
Plow ean airecusDRM directions. (Rees. 1961). 6 bt ise burther 
discussed=in section 5). 77. 

The Seton, Kahochella and Pethei Groups were sampled 
on Keith Island ‘CUeCeie Goel iN) in the East Arm of Great 
Slave Lake (Figs. 3.2.la, 4.2c). They are very well exposed 
along the northwest shoreline, polished clean by glaciation 
and dipping gently along the coast. It was therefore possible 
to place sampling sites at known stratigraphic distances 
apart, subject) Go-restrictions of exposure. Fig. 4.2d shows 
the stratigraphic relationship between the sites, while 
Fig. 4.2e qaace their location and the strike of the strata 
ateeach site.) Daps (typically ier? fe 20) were measured at 
eachwsite for later usesin a tectonic correction. ss ine 
attitudes of the strata at each site are listed in Appendix 
4. It will be noted that the sampling was distributed more 
or less uniformly through the Gibralter and McLeod Bay 
Formations with one gap of some 400 stratigraphic metres. 

Sampling was by field drilling, using a hand held 


drill similar to that described by Doell and Cox (1965), 
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Figure 4.2b 


Tal 


Palaeocurrent directions in the Great Slave 


Supergroup, (Hoffman, 1967). 
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Figure 4.2d 


The stratigraphic arrangement of sampling 


sites in the Great Slave Supergroup 
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Figure 4.2e The location of sampling sites on the shores 
of Keith Island, Great Slave Lake. The strike 


Of the #sitmaca v2t each site: is) shown. 
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Plate 4.2a The red shales of the Gibralter Formation on 
the shores of Keith Island. The planar surface 
1S thes resultwot recentmolacitation. mwavylbtua bly 


continuous exposure is often available. 
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although a few hand samples were taken where drilling proved 
impossible because of the fissile nature of the rock. 
Azimuthal orientation of the samples (core and 


block)tiwas with sréeference eto udistant a! 


‘sight points" whose 
bearings east of true north were determined by calculation 
from multiple sun sightings. Since the sun compass included 
a Brunton type magnetic compass, the magnetic declination 
could be determined by sightings on the sun or the sight 
points. It was found to be 30.2°E with a standard deviation 
of P52 G33 dobsérvations)i: Extrapolation from the Dominion 
ObsenvatoryehsogonicaGhart forel965.0 gives oy cee Pa 
magnetic compass was used in the determination of bedding 
strikes. The red sediments were insufficiently magnetic to 
affect the compass appreciably. 

At each site four independently oriented samples of 
sufficient size to yield at least two specimens each were 
obtained. As far as possible the samples were obtained from 
the same horizon. “In 32 of 59 cases they were within; 2 cm 
of the same horizon. In only two cases does the stratigraphic 
spread exceed 1 metre (Appendix 4). The horizontal spacing 
of the site was made as large as possible within” limitations 
of exposure. It was typically several metres. Sités were 
grouped in sections within which the between-site spacing 


Could be estimated and approximated 25 ms “Ihe larger” gaps 
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between sections were forced by lack of exposure or un- 
Stitablesitthology.. The figure wot 25 mwas chosen eto 
enable coverage of the Lormatiaons of interest an the time 
available. Iinvall, samples were obtained at)359) sites: in 
MeSCCULONS (Fie, 472d). @ Section. & is 4, detailed section 
Detweenetwoesites (CH and) GCE) im the G sections tamcpacens 
Oh-about 4m stratigraphically. The section was sampled in 
order to examine geomagnetic field changes that might be 
missed in the longer intervals. CZ is a sampling site in 
one of the dioritic intrusions cornelative qwith thers tark 
Formation mentioned above. Section D is the baked contact 
OteeClemel tii usa om, Site: DASws at the vcontach, and DB. DG 
and DD are 3-6 m, 50 m and 100 m away from the contact. 

A typical specimen name is CE4B where C denotes 


the section, E the site, 4 the sample and B the specimen. 
4.3 Natural Remanence and Demagnetization 


Geo ul Natural remanent maecnetization 


The NRM of the Kahochella Group samples was found 
toninelude a substantial unstable component... Pig w 4.2). 1a 
shows the differences in angle and moment between pairs of 
measurements made on each of 40 specimens at times 3 to 6 
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Figure 4.3.la The difference in angle and moment between 
pairs of measurements made on each of 40 
specimens from the Kahochella Group at times 


3Pto Mi months} tapart. 
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moment are common. This suggests the presence of a viscous 
component with relaxation time in the range of minutes to 


years, and makes partial demagnetization imperative. 


4.3.2 Alternating field demagnetization 


One pilot specimen from each site was subjected to 
alternating field demagnetization. Curves of intensity 
against demagnetizing field revealed the existence of a 
Learecescotr te marpnetavzatione (lies. 4.0.2Dmnc., Cjaewitchwewas 
usually removed by treatment in peak fields of 40 mT (400 Oe). 

Demagnetization of one specimen per sample was 
therefore undertaken at three steps to provide evidence of 
demagnetization end points for each sample. Steps of 40, 

60 and 80 mT peak field were employed and these were followed 
up by treatment in higher fields where no end point had been 
reached, at or before 60 m1’. 

iveicalereswilitsmpor changes, ineincensityeandmditrec— 
tion durine demaenetization are shown in Figs... 42 372a = Lt. 
BUuLbedecalls May Menlound Sn Appendix... 

Sites from section A were little affected by demag- 
Neti Zact One fle. Gone) ee Lney showed sa! most nou dinect on 
change while the intensity dropped to a value of 70 - 90% of 
the NRM after demagnetization in fields of 40 mT and remained 


roughly constant thereafter. Site AC was magnetized in the 
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Figure/4.3.2a-f£ Alternating field demagnetization of 
specimens from the Kahochella Group. 
The results’ froamaone’ site per section 
are shown. 

The direction plot employs a polar 
equal area projection with the north- 
seeking end of the magnetic vector plotted 
as an open symbol on the upper hemisphere 
or a closed symbol on the lower hemisphere. 
The directions are shown corrected for 
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dipechionu “ORMtievearth" sshiieldgat thelsite 4éwithinei t20957 
Gonsidéenceslimit: Caypically soy 5 and remained so during 
demagnetization #irSinee ssamplés “from tthitis isite swenemmore 
beavilymwreathered tiham Tanymothtenst@colilectedatie ts tthought 
that the magnetization is a recent CRM. 

Sites from section B showed considerable response 
to démagnetization E(Rigs 493 72b) J® Intiensitves ¥dropped Sto 
5-40% of their NRM value in 40 mT and large direction changes 
were tobsenvied reSpecimens: frometherexample site "BL O(@ie 764 13..2b) 
show an improved grouping after the first demagnetizing step 
and then move off in different directions in apparently 
Systematic fashion. The 130° movement shown by specimen BL3A 
suggests the existence of a reversed component. Such movement 
is shown by specimens from a number of sites (e.g. BK). In 
general, demagnetization results in an improvement of within- 
site precision. 

Sites from gection C also showed considerable response 
to demagnetization. Intensities dropped to 40-50% of their 
NRM value after treatment in 40 mT, and directions generally 
showed improved grouping (Fig. 4.3.2c). Demagnetization often 
removed a component in the direction of the present field. 

Site DA (the baked contact) has an anomalously soft 
Magreta ation! tChie ural re2d)).) Wiistimay bel thetresuine of 


alteration by baking, although such baking often imparts a 
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Very Shard eTRMpQiveritt and s¢lege7Pl962) | Al thoughethe 
invenstetese¢dropatotoniyrlOZ of Pthe  NRMevalues, @the®direction 
appéars?toabe "fairly stablevVeeThe alteration™“is apparent “in 
SitessDACand SDB ebut°DC *and@DD are sufficiently far away 

(50 and 100 m) to be unaffected by reheating by an intrusion 
with observed width of less than 50 m (Carslaw & Jaeger, 1959). 

Section the @hies G4. 2d)eisva particularly tuniform 
subsection*within the "C€ section. The uniformity “is apparent 
in the tight grouping and close similarity of the demagneti- 
Zation scudrves® (i tc $04 93..2e). 

Séction*? within "the®Seton Formation (Pigs '4)2d) 
Gontains §boteh tspiilitized badalu GFR, FC )*rE) and®red sediment 
GEAFCED)S Glhetbasallt magnetization is very “soft. Specimens 
Srom@sivte FCSChi ce eeansir2£) "drop*to thesis "than "5/4 50f the NRM 
intensity in fields “of 80° mT. “No stable end points are 
reached, and the direction shows large changes at the higher 
demagnetizing fields, presumably due to the acquisition of 
an ARM from the demagnetization equipment. 

All the above results were subjected to statistical 
analysis ‘to obtain ‘site mean directions and precision “estimates 
at each demagnetization step. The results giving maximum 
precision at each site were taken to represent the best 
cleaned direction unless all the specimen directions moved 


coherently after attainment of maximum precision. In these 
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cases anivend point was chosen where successive demagnetiza- 
tions produced no further coherent change. In all cases the 
precistoneat the end point was not sienificantly dittierent 
at 95% confidence from the maximum value (McElhinny, 1964). 
Suche chosen end! points are tdaentitied Aan lable 4. o.2a by. a 
l. in the remarks column. The table summarizes the results 
of the A.F. demagnetization experiment, giving the cleaned 
site mean directions with their associated circle of 952 
confidence and precision parameter k. The column headed 
k/k) gives the ratio of the precision parameter after cleaning 
to its value before demagnetization. Although an improvement 
in precision is not always shown, the change in site mean 
direction during demagnetization as a result of removal of 
a present field component supports the view that the cleaned 
direction is,;a better,approximation to the original, magneti— 
zation direction. Statistically significant values of k/k) 
at the 95% confidence level are underlined. The directions 
have been rotatedito.corrects for the dipYot the strata. This 
means that it has been assumed that the rocks were magnetized 
before they were tilted. The correction takes no account of 
pPossiple plunpingertolds, buteforadips of 15 =) 20<@ho signi- 
ficant error is introduced by ignoring plunge. 

The site mean directions after A.F. demagnetization 


and geological dip correction are shown in Fig. 4.3.2g grouped 
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A..F. Demagnetization of Kahochella and Pethei 


Remarks 
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A.F. Demagnetization of Kahochella and Pethei 
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Table 4.3.2a A.F. Demagnetization of Kahochella and Pethei 


Groups. Site Weve statistics. 


Continued 


Site M ae u ii Ags k k/k Remarks 
EC 4 100 eS as D106 Seo AEN S) Dre 1 

ED 4 80 dae2e.O 60.0 15 38 1B 5 (8 

EE 4 40 37.0 51.9 4.2 473 Bie: 

FA 4 60 24.0 » Oler2 ib DS Sale) iu 

FB 4 5 348.2 50. 2 Lee, & 454 22.4 

FC 4 10 LOS 64.5 JENE 70 Ziel) 

FD 4 40 1252 a0 (oy/f Bal 190 4.8 ul 

FE 4 20 169.0 Lily 02. S48) Dig Geo il 


N is the number of specimen directions included in the 
statistical analysis. 


mT is the peak demagnetizing field used, quoted in milliTesla. 


D is the azimuth of the site mean direction, measured in 
degrees east of true north. 


I is the inclination of the site mean direction, measured 
in degrees below the palaeohorizontal. 
X95 and k are statistical parameters described in Chapter l. 
k/k_ is the ratio between the values of k before and after 
demagnetization. Statistically significant changes in 
k at 95% confidence are underlined. 


Remarks 

1. End points chosen beyond maximum k treatment. 
2. Only N specimens available. 
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4. Probable systematic deviation. 

5. Probable reversal. 
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by sections. It will be observed that the site mean direc- 
ClLEnsSeLome thes Ay © and "cect ions froup Inthe oh quadrant. 
WEttmeCilemexCeDELON Of ssttess Gia COrands Gl.) Ttatsrtiougit 

that CJ may represent a systematic deviation of the field 
(Lawley, 1970), while CO and CU may represent reversed 
directions from which a normal component has not been entirely 
removed. The interpretation of these results is further 
discussed in Chapter 5. 

The results for the B section are somewhat more 
scattered, although they do group about a very steep 
southeasterly direction with three site means some way 
away. Once again, these may represent reversed directions 
from which a normal component has not been entirely removed 
by A.F. demagnetization. 

The results for the D section seem to show a smear 
towards the present field direction, which is close to the 
direcuilom_ of magnetization of the intrusion. “ihe EF section 
site means are scattered, and include the present field 
direction. within their group. 

Section mean directions have been calculated from 
the site mean directions. They have been combined by section 
because each section has a characteristic lithology, and the 
sections are somewhat separated from each other both in space 
and time of formation (Figs. 4.2d, e). ihe results are pre= 
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Table 4.3.2be AsjFouDemagenetizationsof «Kahochellaland#Pethet 


Groups. pectionylevel sstatistice (dip cormmected).. 


Section N D if Ags k Remarks 
A 7 146.3 60.1 15.1 38 1 
B is) 2635.0 ESM Ae} het) Wane 2 
B 10 ILSSG, i Sone IOs) ZA 3 
C 21, 136.4 58.4 jas, 6.8 4 
C 24 eS Fees Done Dyer 33 5 
E 7 134707 Dis, Del 140 6 
F 5 IGT) Ale 81.4 14.8 28 7 
F 5 G60 Tees 2) Sh) So) 8 


1. AC excluded, present field CRM. 
2 ALL non=random sites (Watson, 1956)’. 
3. Excluding BA, BH, BK. 


4. All non-random sites including DC, DD excluding 


CZ Ginenus lon jas 
Dee CLUC LTP atGJ 7. GO seeoUl. 
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(Teme DeLO resp <COrrect Lon. 
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The: caletlattontol estatastics#torisectionseube fore 
andjafteredipy¥eorrectiontconstituteslaliold testetGrahans 
1949)ee The change in*k*is isignificant at»the95%4econfidence 
level’ (McElhinny,;° 1964). “We may conclude that*section F was 
magnetized after folding, because the application of a dip 
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aoe Je shernal demagnetization 


Although the results obtained by A.F. demagnetiza- 
tion gave apparently useful results, it was thought advisable 
to conduct some thermal demagnetization experiments because 
haematite, a common constituent of red sediments, generally 
has very high coercivity, and may not be adequately cleaned 
by A.F. treatment. Pilot studies revealed small but systema- 
tic differences between A.F. and thermally cleaned directions. 

Pilot specimens were subjected to stepwise thermal 
demagnetization by heating to successively higher temperatures 
and cooling in zero field. The pilot studies were performed 
by the author using the apparatus described in Chapter 2 and 
by DrreMidlbolEvans “using ‘apparatus finvthée laboratories sof @the 
Earth Physics Branch, Department of Energy, Mines and Resources, 
Ottawa. The Ottawa apparatus was used by kind permission of 
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The pilot studies revealed that the specimens were 
subject to severe alteration 1f heating was prolonged.) “Ad L 
further experiments were therefore performed using the appara- 
tus at the University of Alberta because its temperature could 
be raised and lowered in about two hours, or more than four 
times as, Pasitq.as possodiblte gvisth the sappara tus sim eO ttawa : 

The experiments showed blocking temperatures dis- 
tributed from ambient up to the Curie point of haematite 
(Fies. 4.3.3b, c) sand, sugcested. that ithe wdirect tons sofimor- 
mally and reversely magnetized specimens might be more nearly 
opposed than had been demonstrated using A.F. demagnetization. 

Thermal demagnetization of one specimen per sample 
from the whole collection Csubject to availability of material) 
was therefore undertaken, using temperature steps of 500, 550, 
BOO eos 0) and 660°C to obtain two steps below the Curie point 
of pure magnetite and some detail above this temperature 
where haematite is the only mineral still likely to be 
ferromagnetic. Sample plots of direction and intensity 
changes are presented in Figs. 4.3.3a-f for the same sites 
as were displayed after thermal treatment. Full details may 
be found in Appendix l. 

Specimens from section A were more strongly affected 
by thermal demagnetization than they were by A.F. treatment 
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Figure 4.3.3a-f Thermal demagnetization of specimens from 
the Kahochella Group. The results from one 
site per section are shown. The direction 
plot employs a polar equal area projection 
with the north-seeking end of the magnetic 
vector plotted as an open symbol on the 
upper hemisphere or a closed symbol on the 
lower hemisphere. The directions are shown 
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values after heating to 600°C. The’ directions aiso show 
some systematic change. There is no evidence of a magnetite 
Cuple?poink An@thesantensityscurves 

ppecimens= from=secetiion BeXEiS 4 sre by=weres also 
strongly affected by thermal* demagnetization, dropping to 
LO=-20Z" of @theiroNRM* intensities after" heating” to 500° ce 
Three specimens from site BL (the example site) group well 
in the SE quadrant, while the sample which showed a tendency 
to reverse during A.F. treatment (BL3) moves to a direction 
almost exactly reversed with respect to the other three 
specimens from the site. Examination of the intensity curve 
for this®specimen (Fig ’*®473'53b)* shows:a°maximum at 550°- 600°C 
characteristic of the removal of a reversed component. 

Under thermal treatment specimens from section C 
(Fig. 4.3.3c) showed a tendency to move to slightly shallower 
inclinations (i.e. away from the present field) than achieved 
with A.F. demagnetization. The three anomalous sites (CJ, 
COPYCUT Series (493 53h)*atsotmoved *ftrther*away from*the present 
field+and reached apparently stable end points. One site (CU) 
became almost exactly reversed with respect to the main group. 
Sites CI and CN also showed evidence of a reversed component 
but did not reach satisfactory end points. Some specimens 
fromeasitewcO moved towards"a “reversed "direction, “bat this 


merely caused the site as a whole to appear random. ioe. S 
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theughe that the stratigraphically distributed nature of (the 
sampling at this site may be responsible for this behaviour. 
Fics 4.3. 3°) shows) the: stratigraphic relationship) of the 
samples, and their changes in direction during thermal 
demagnetization. lt maybe, seen that samples sCO Ll 225 “and 

6 all have approximately reversed magnetizations, while sample 
CQ3 has a normal magnetization. The stratigraphic sequence 

of the samples thus suggests a reversed period containing 
aeshort event ofenorma lh epo larity: 

Site DA (rie. 4.3.3d) appears to be’very stable in 
direction after the initial heating to 150°C. This site is 
the baked contact of the intrusion CZ, but no stable direction 
was recovered from the single sample of intrusive material 
available for thermal treatment. The direction of magnetiza- 
tion in the baked contact is therefore the only evidence of 
tEhestield direction at the time of intrusion, «sites DG and) DD 
are included in the analysis of the C section data because 
they are a direct extension of the C section sampling (Fig. 
“y2d). 

Under thermal demagnetization section E shows 
extreme uniformity of magnetic properties (Fig. 4.3.3e) as 
was observed after A.F. demagnetization. The material 
appears to undergo severe alteration at temperatures above 


600°C. This is shown by the steep rise in the intensity 
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Stratigraphic interpretation of the mixed 
polarities observed at site CQ. The 

stratigraphic relationship of the samples 
to each other is shown in the lower half 


of the diagram. 
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curve above this temperature. 

Thermally cleaned directions were chosen in the 
same way as in the A.F. studies. The site mean directions 
Wethmtehbetroestatistical parameters are listed anelaple: foo scan 
Cleaned directions corresponding to treatment not yielding 
maximum k are again identified in the “notes” column. The 
Bmeee mean directions sare plotteds inwti1¢. 455 .35h.. sections 
Ako pO and, H OnGCe again vsnow sa croupine, ian, the SE quadrant, 
although the grouping is not as good as it was after A.F. 
demagnetization. Section C now has five anomalous sites, 
Tatnerethan titee. | Sites CJ ,eCN;eCO. and CU care Ehought to 
represent reversed directions, while CJ again appears to be 
a systematic deviation. Section B shows some grouping about 
a very steep SE direction, but there are as many anomalous 
Siteceas Chere are ans the, Croup. mOnce again, Tle pus ethougne 
that these anomalous directions represent field reversals. 
The problem is discussed further in Chapter 5. 

Site mean directions have been grouped in sections 
foristeabistical analysis as was, done tor “the results of A. i. 
treatment. The results are shown in Table 4.3.36. A fold 
test has again been performed on section F, and again the 
Feduction of precision’ resulting Erom a dip correction is 
Signitieant, at the 95,7 confidencer level, indicating remarne— 


tization after folding. The remagpnetization dinection 
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Table 4.3.3a Thermal demagnetization of Kahochella and 


Pethei Groups. Site level statistics. 
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Table 4.3.3a Thermal demagnetization of Kahochella and 


Pethei Groups. Site level statistics. 
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Table 4.3.3a Thermal demagnetization of Kahochella and 


Pethei Groups. Dote Levie Lusitatdis (0s. 


Continued 


Site N T° ¢ D I Oe 5 k k/k Notes 
EE 4 600 sBGe Rate) Qld ork 103 

FA 4 500 2055 46.4 IS) 24 10 

FB Z aD 0 Bs dviey 64.0 #4 op sal tO 3,0 2 

FC 4 550 84.8 O23 LORS 74 Le 0S 

FD 4 yen) Le 6657 HoT 142 (howl il 

FE 4 D0 ONE) Die Uf cic? Lon I tls 

Notes 

1. End point chosen beyond maximum k treatment. 

2. Only N specimens available. 

3s SLee vstratigranhbically split. 

4. Probable sysftematic deviation. Good end point. 

a. Erobable reversal. 

6. Possible reversal. End point not reached? 

J-ee4th sample ay brecctLa. 

Se baked scontact. 

9. One sample reverses. 

10. Grouped with C section. 

Statistically significant values of k/k_ underlined 
(McElhinny, 1964). 4 

N is the number of specimen directions included in the 
site analysis. 

Deand)i are the azimuth (Cand dip) of the magnetization, 
measured in degrees east of true north (below the 
fonazontal). 

| eb os MO) are statistical parameters discussed in Chapter l. 
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Table 4.3.3b Thermal demagnetization of Kahochella and 
Pethet Croups., section levelestaristics 


(dine corrected): 


Section N D i Og « k Remarks 

A 4 LS) og @ 60.0 26009 iL Ssh6 2 of. 

B 6 2329 Ee isles 25 2 

(& 21 1B 4s 455.) Wee zal 3 

E i jes Non ub woe ‘shy 54 4 

F 5) Ole 69.4 als Lees) 5 

F 5 Oreo Te ems) 142 SOG Z 6 
Remarks 
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We Arter "dip correction. 
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CDV = 5150-5) boa /378) ts consistent) with 4a. post-folding 
component of magnetization observed in all sections except 
A (see Chapter 5). 

A number of statistical tests have been performed 
aon the results from section C, excluding the five anomalous 
sites. The directions have been tested for conformity to 
eet shew titcawibution CWatson & Irvine, 1957). The azimuthal 
uniformity about the mean was tested by division of the data 
into four sectors, the expectation population of each sector 
being, 5.25 .(21 vectors total). The difference between 
expen toned ndmsrne wc tulad SCOuUnts Of 25.57.05 gandmOmi nM the tour 
classes enabled the calculation of a ve Values Ot. 1.60), sui he 
Sle nde PecanGe posnt. Lor a with slidegreec of sirecdom iat 
Pe=2 0 SOD. S55 Oo, eoOLthat there is no reason “to. pelrveve jtnat 
biewazimnuthaledistripuctoneis) not unlLeorm saulne densi tyare— 
duction with distance from the mean was tested by dividing 
the sphere into five zones with equal expectation populations 
of 4.24. The actual populations (moving away from ithe mean) 
Wereugaa 0), 2, 15 and) 6 ¢1vine a Me Value sot 63 0%. 8 Uhdics Ao eadisg 
below the significance point at P = 0.05 for one degree of 
freedom, so that there is no reason to believe that the data 
foreehenc section do not contorm toa Higher distripution 


iietiitesrespect: also. 
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A fold test has also been performed on section C 
data, buts theschangerin kwCfirom 259ito 21) caused by dip 
COFLeEGtiOleaGomtilot Significant at. 954, confidence: (McEUninny, 
1964). The test cannot therefore be applied to determine 


the age of magnetization. 


4,4 Disetssion 


The results of alternating field and thermal 
demagnetization are in qualitative agreement (Figs. 4.3.2g, 
4.3.3h). In both cases a main group of directions southeast 
and down has emerged. There are, however, eleven "anomalous" 
sites in the B and C sections, which require consideration. 

The effect of thermal treatment has been to improve 
the separation of antiparallel components. This must involve 
the removal of secondary magnetizations. The removal of a 
post-folding remanence is demonstrated in the next chapter. 
It is therefore concluded that the thermally cleaned site 
mean directions more nearly represent a stable magnetization. 
Possible origins for these magnetizations are discussed in 


the next chapter. 
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2. ORIGIN OF “THE MAGNETIZATION OF "THE KAHOCHELDLA) GROUP 


Spell Introduction 


In any palaeomagnetic study it is clearly important 
to be able to show that the remanence finally isolated by 
partial demagnetization is primary and aligned parallel to 
themambitent tietd at “the, time Lr rock formation. “Ey idence 
from a number of sources may be considered. Graham (1949) 
suggested the classic fold and conglomerate tests, but these 
rely on fortunate geological circumstances. Where opposed 
polarities are present, the reversal test (described by Cox 
& Doell, 1960) may be applied to demonstrate that no appre- 
ciable secondary component exists. Baked contacts may be 
examined to demonstrate that no remagnetizations have occurred 
GEvemittwa  Clecorms 902) lnecwrd rectwonmandmin Gensist yeoL ative 
'_remanence removed by demagnetization can yield useful infor- 
mation about the causes of secondary magnetizations. Examin- 
ation of the coercivity and blocking temperature spectra of 
the rock makes it possible to identify the mineral phases 
responsible fon the remanence. ) Pinalty, petrologic investi-— 
gations yield indispensable information about the type and 
mode of occurrence of magnetic minerals present. 

The above methods are applied in this chapter to 


demonstrate that the rocks of the Kahochella group have been 
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partially remagnetized after folding, and that the remagne- 
tization maysbe at.~Leasgtmpartially removed by thermal treat— 
ment. It is also demonstrated that the remanence isolated 
waslacquined during lithtit¢@ation and is resident dn? the 


mineral haematite. 


5.2 Remanence Removed by Partial Demagnetization 


It is possible by simple vector subtraction to 
determine the direction and intensity of the remanence removed 
ae each step by§fpartial demagnetization. Tight teroupinge of 
such removed vectors in a direction different from the total 
remanence direction of the specimens indicates the presence of 
a component of magnetization which can only be roughly inferred 
from the standard demagnetization diagrams (Figs. 4.3.2a-f, 
4.3.3a-f£). Such calculations have been performed on the 
demagnetization results for the Kahochella Group. A variety 
of directions was observed, but a remarkably coherent magne- 
tization in the SE direction with steep inclination was removed 
from specimens with both normal and reversed remanences over 
the temperature range 550°C - 600°C. The results are shown 
iptables. 2a for, those sites where theywithin—site, precision 
parameter exceeded 20 and the removed direction did not coin- 
cide with the site mean direction. The latter exclusion was 


made because a removed vector in the same direction as the 
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Table 5.2a Vector removed by demagnetization between 


550 > Ceand #600. 


EsSshetted for’ pkitoi: difznse ihe Unsgnvnss Stahsgs 
BA 4 Ble Die 1. 58.8 22S LO. 6 ZZ 
BB 4 JSR G3 ea DP2Om9 TARO 35 
BC 4 ye 62.8 141.0 UL) 88 
BD 4 T5079 Caw 107.4 67.4 236 
BG & 144.8 D262 124.8 Me) G2 jhowe 
BH 4 USSG) 57.4 one) 54.0 Sy) 
BM + 1 eee shed Aual LS ORZ 12.8 29 
BN & L352 64.2 143.8 54.5 67 
GL 4 164.4 536i 146.9 48.2 51 
CN 4 iReron alles J sheherc, 3} 50.6 oi) 
cP 4 148.6 54.6 io Y/ 51.4 Se 
CQ ) PS O0 oLk3 rons 48.4 30 
DC 4 134.1 Ds ienL 105.0 60.6 146 
DD 3} LS Og f 58.4 P14 33 ee iT 137 
FA “ 140.7 Sa) 197.6 6255 47 
Mean ES) Poo. o 627.8 28% 65.0 


N is the number of specimen results included in the site 
mean. 


Deewbe are the declination “and ianclinationsot thesmean 
removed vector with respect to the present horizontal. 

D> I. ares the, aecdinationeand sane inataonwon  tCuecemean 
removed vector w.r.t. the palaeohorizontal. 

k is the precision estimate of the site mean. 

The k values of the mean of site means are 39 and 20 before 
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base vector implies that a demagnetization end point has 
been reached. 

Tiesmeanndireckionspenore sther app luecatd oa. Otssa 
coOLrrection for geologic dip has» sienificantly higher precision 
than sthelmean atter dip correction (Mcklhinny, 12964)2 (Thus 
the secondary magnetization was acquired after folding, which 
occurred in late Aphebian time before the deposition of the 
Et-then Group” (Section®4%2). 

The removal of this post-folding secondary component 
is illustrated in Fig. 5.2a which shows the site mean direc- 
tions of the C section after A.F. and after thermal demagneti- 
zation with arrows pointing toward the post-thermal direction. 
A consistent movement away from a direction close to that of 
the secondary magnetization is apparent. In some cases (CI, 
CN) the movement is through more than a0: It is apparent 
that thermal demagnetization is fairly successful in removing 
the secondary component, but the still scattered nature of the 
reversed directions is an indication that the removal may not 
be complete. If this were the case, it would be expected that 
the observed mean cleaned direction would have a higher 
tnelinationsithan the Crue primaryad? rection. CAs. possep . Pity 
was investigated by calculating a combined thermally cleaned 
direction for those sites rejected above (CC, CH, CR, CX, E 


section) on the grounds that the removed direction was parallel 
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Figure’ >.Z2ayeRemoval of a secondary magnetization from the 
nocks or othe CG. section... lhersite mean directions 
for) the GC secttioneare jplotted after, thermal 
treatment and after A..F. treatment. The arrows 
poimt in the direction of the site mean after 
thermal treatment. The vector removed from 15 
sites by the demagnetization step 550°C to 
600°C is also shown, as is the mean direction 
for the F section after thermal treatment. All 
directions are plotted with reference to the 


present horizon Gal) saac a without dip correction. 
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A F SECTION MEAN 
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POmcres t OCatewranpromc reanend Utrectrone = ftemi enter edcoma bp iky 
De wexpecteu4 that anyececondary@marnett zation iad already =been 
renoved™rrom such sites» Therymean*after *dip correction was 
Found) Co= pee Ne= P2905 35R1S-= ol Seek = 31 nm = 5, which Js not 
shallower than the mean direction for the C section. The 
mean direction for the vector removed between 550° and. 600°C 
Porpetiese oatresewace)e==l52, 05 = le=—" SOR Ge eka) 50 sewhd eh eis 
very close to the mean thermally cleaned direction, and sup- 
ports the contention that no significant secondary magnetiza- 
tion remains in these specimens. pince this dinectton 1s 10 
shal tower@than=the mean=-direction=tor” the 6™section, "L1t"may be 
concluded that very little secondary remanence remains in 
these rocks after thermal demagnetization. 

it *was shown in Chapter “4"that*the F*section had 
been remaenetized arter folding. “~The=direction™“of this 
Penscneatuzt crow Seat SOMShOWl- On Mate. =. cae hee Seno 
Sicnutrcancly  dilrrerent= from the=directtion deduced by=calcu— 
Patten "of *removed "vectors *for’sections”B;~C and*DY *One 
post-folding remagnetization event is then consistent with 
the complete remagnetization of the F section and the partial 


rémagnetizations of the B, C and D sections. 


Ma eeCOeLGivity andgBlockingplempenatunesspectima 


In this section the intensity data yielded by 


demagnetization are examined for evidence of the minerals 
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responsible for remanence. It will be demonstrated that the 
stable remanence isolated by thermal demagnetization lies in 
the haematite, while that removed lies either in magnetite 


OL nehaenatt te, of fineweradin size. 


o.3-l) Alternating field demagnetization curves 


Representative curves have already been presented 
in Seétion’s’.s720° They @shtowed @the ‘presence 3ofta soit zpart 
of the magnetization whose relative magnitude varied from 
Sséétion Sto sections Sidabie SrvatCsee Sec tionuUSs. 7) 8shows .the 
absolute amount of magnetization residing in grains with 
eéereivities bélewtand tabove 480 @mTa( 800 ie): These are 
referred to as the soft and hard parts of the magnetization 
respectively. The coercivity of the natural remanence at 
each site is also shown. It may be seen that the A section 
sites contain small amounts of magnetic material (J and 


soft 


cMENS columns) while the magnetic content of the B anc C 
sections is rather higher. The difference between the B and 


C sections (displayed best in the J column) appears to 


hard 
L#@pinegréater absolute quantities of hard matertialtingthe C 
section®*samples: 

Thétsofttipart of @thetmagnetizationamay be dueeto 


the presence of small quantities of a mineral such as mag- 


netite or maghemite, whose coercivity is below 80 mT, or to 
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ultrafine haematite near the superparamagnetic size limit 
(Greer 19595 1961). bts ortein ts) considered further in 


following sections. 


Dwo.2) Bkockine “temperature (spectra 


The partially unstable nature of the NRM (Fig. 4.3.1a) 
and the distribution of blocking temperatures from ambient up 
LOrcohes Curtespoint of haematite (hige. 94.3. 5a=-f, 65.3422) 
suggest a grain size distribution in haematite from the super- 
Datamagnetic Size sbimitato ereater, than 0.4 tm Clabpte 1. la). 
Ehemalternativerpossibatiity that ethic  rangevor blocking 
temperatures is actually a range in titanomagnetite Curie 
points may be discarded because a complete range of composi- 
tions from magnetite to ulvospinel would be required to give 
the observed spectrum. This would require improbable conditions 
during crystallization of the opaque minerals. The intensity 
curves of Fig. 5.3.2a show some other interesting features. 
Three of the four curves (for sites, BE, BG, CY) show evidence 
Gtealteration DY heating, tn inher intensity tice sateahdon 
temperatures. The rise is suggestive of the production of 
magnetic material which becomes magnetized on cooling in 
either the stray fields present in the apparatus of about 
Senile (Segamma) or in the interaction ftelds between magnetic 


grains lhe nature of this magnetic materially is investigated 
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Figure 5.3.2a Intensity versusmtreatment curvesefor pilot 
specimens from some sites after thermal 
demagnetization. Distributed blocking 


temperatures are clearly displayed. 
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im=sectton 2.4. (lhetsame three. curves in Fie. 5.3.2a show 
sharp drops after heating to 600°C, 1.€,) jJUSE above sthe 
Curie point of magnetite. This may be regarded either as 
evidence for the existence of magnetite or as evidence that 
the haematite grain size distribution has a peak a little 
apoverUn4 time (hable Mika) ioe. just. at atheewind tt of opted 
resolution. The optical observations are discussed in 

See ELON: 5D <i 

Some of the thermal demagnetization curves do not 
show such a drop on heating to 600°C Cenc ute Gly ine El‘ or 
5.3.2a). The large drop between 650°C and 730°C is a 
definite indication of the presence of haematite. 

Fig. 5.3.2b shows the results of thermal treatment 
of the spilitic basalts sampled in the F section. They show 
a decade drop in intensity on heating above the magnetite 
Curie point. Fie’. 4.3.38 shows the erratic changes in 
dizection which accompany this drop. The nature of jthe rock 
rules out the possibility of a large amount of haematite of 
appropriate grain size, so that this drop may be taken as 
good evidence of the existence of magnetite in the rocks of 
site FE. This conclusion is backed up by petrologic obser— 
wVatwvons (Section 5.5) 
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Figure 5.3.2b Thermal demagnetization of specimens from 
thee lavas of the F@section. All display 


magnetite Curie points. 
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Figure 5.3.2c Thermal demagnetization of specimens 
previously cleaned of low coercivity 
components by A.F. treatment. Demagne- 
tization of virgin partner specimens from 


the same sample is also shown. 
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two fresh specimens from the same site. Te ts) clear Gt nate An tes 
demagnetization has removed that part of the magnetization 
residing in grains with low blocking temperature. At least 
For sthis@siten Ant. treatment at T80%nt appears tobe mapout 
equivalent to thermal demagnetization at 50086. 

The results described above strongly suggest that 
the mineral responsible for most of the remanence of the 
sediments is haematite, with a wide range of grain sizes, 
while magnetite containing relatively little titanium is 


the major magnetic mineral in the basalts. 


5 eoeD”6Lintensilties and reversals 


The geometric mean NRM intensities and standard 
deviations for section B, C and E have been calculated. 
They are’ shown in iFieg. 5.3.3a divided@into normal and 
"reversed" groups, together with the results after A.F. 
treatment in 80 mT and thermal treatment in 550°C. The 
histogram of the C section NRM intensities is included to 
justity the calculation of geometric rather than arithmetgic 
means. The histogram shows that the intensities are distri- 
buted in log Gaussian fashion. The figure demonstrates that 
the intensities of the normal and reversed sites are different, 
although reversed sites are more intensely magnetized than 


normal sites in the B section and vice versa in the C section. 
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Geometric mean intensities and standard 
deviations for specimens from the Kahochella 
Group. Natural intensities and those after 
treatment in 80 mT and in 550°C are shown. 
the actual distribution 1eeivrelwdaed for one 


case (C section normal NRMs). 
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This behaviour is not understood. The presence of a remag- 
netization component roughly directed along the normal 
direction should systematically reduce the intensity of 
reversed specimens. A clue may be found in the histograms 
of the normal and reversed NRM intensities for the B sections 
(Fig? 5.3.3b)).) The reversed group has an apparently ibimodal 
distribution, which increases its apparent standard deviation. 
One trend clear from Pig )5.3. 3a 4s that E section 
material is most strongly magnetized, and B section material 
least ~strongiky. pilhe, simplest jexplanatdion <ofj thisjtis ithat it 
reflects the different amounts of magnetic material present, 
and is a useful clue in establishing which phase of haematite 
is responsible for the remanence. It is likely to be the phase 
most concentrated in E section material and least concentrated 
ijebacsection materdal.. —lhis “is shown anjsection 25.5, to be 


fine-grained haematite. 


5.4 Isothermal Remanence 


Dunlop (1972) has suggested that it is possible to 
make a rough separation of a red sediment into magnetic 
fractions by considering the coercivity spectrum as revealed 
by magnetizing a rock specimen in a progressively increasing 
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Figure 5.3.) 0em Histograms ote thesintensd tyadistribution 
of NRM for the normal and reversed sites 


of the B section. 
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teristic of magnetite, specular haematite (specularite) and 
fine grained haematite (pigment) respectively. 

This technique has been applied to 29 specimens 
Prometne -Kahochella Croup ein ianvattempt sto elucidate stheir 
magnetic mineralogy. The specimens were magnetized in fields 
Octet Oey oes Or, wee Ole Oem 2 00s e.C).Ov uO Omem lames ti Colo, a? mea eee: 
(50906 to 50uk0e) using yan iron cored ellectromagnet fon the 
lower steps and a superconducting magnet with room temperature 
access to the magnetic field for steps above 0.5 T. All the 
specimens were close to saturation at 5 T. The results have 
been analysed in two ways. The coercivity of remanence of 
each specimen was found by interpolation. It was defined as 
thestiel d= tniwhich  thesspecimenvoained alt Ults saturation 
remanence. This is tabulated as Hoe CURM) seine cabview ora Bie 
is noteworthy that Hor is in general very much higher than 
the coercivity of the NRM as deduced from A.F. demagnetization 
which is defined as the peak A.F. field required to halve the 
NRM intensity. This is listed under Las CAG hs na Diem heeiiaee 
The difference between the two values of Hor is interpreted 
as meaning that the hbighest coercivity minerals do not contri=- 
bute as much to the NRM as might be expected from their 
concentration. 

The second result obtained from the coercivity 


spectrum analysis was a crude estimate of the concentrations 
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of thevthree mineral fractions in the rock samples as des— 
cribed above. Brooks and O'Reilly (1970) have employed 
rotational hysteresis results to achieve a similar analysis. 

It has been assumed that the saturation remanences 
of magnetite and haematite are 18.4 and 0.17 hig (emu). 
These figures should be taken as rough guides only. They 
are based on measurements of Roquet (1954) and Dunlop (1971) 
for magnetite and haematite respectively. 

The fraction by mass of each mineral deduced to be 
present in the rock is shown in Table 5.4a. Two interpreta- 
tions of the soft part of the coercivity spectrum are given 
in the table. The 0-100 mT coercivity range has been inter- 
preted in terms of both magnetite and ultrafine haematite 
(columns labelled Magnetite and Soft Haematite). The haematite 
interpretation is clearly untenable in the four cases BELB, 
BL3B, CH1A and CK4B where the rock has been altered by heating. 
The amount of ultrafine haematite required to explain the 
soft remanence ranges from 37Z to 101% by mass, which is not 
likely for"red shales: It therefore appears that thermal 
alteration has resulted in magnetite (or possibly maghemite) 
production. It does not seem to have been derived from any 
of the other magnetic minerals present, because they all show 
an increase after heating. The increases cannot always be 


regarded as significant, because they involve the measurement 
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Table 5.4a 
Sample Magnetite 
AC1A 1.3E-6 
ADILA 6.8E-7 
BB1A 6.7E-5 
BD1B 3.8E-5 
BELA 5.1LE=-5 
BE1B 9.6E-3 
BELA 2) 
BJ4A 4.9E-5 
BK1A 2..E=5 
BL3A 05 SESS) 
BL3B SIS 7S 
CC3A Bg PANS) 
CD1A 1.3E-4 
CE1A 4.9E-5 
CE5A TOE =—5 
CG1A 2) SES) 
CG2A rer ee 
CH1A SLs 
CH1B 4.9E-5 
CJI3A Bio Steal) 
CK4A 2.4E-5 
CK4B TOES 
CL1A 645, SUH) 
CO4B 31, OL 5 
CP5A 4,.7E-5 
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Concentrations of magnetic minerals in samples 


from the Kahochella Group deduced from IRM data 


Notes 
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Table 5.4a Concentrations of magnetic minerals in samples 


from the Kahochella Group deduced from IRM data 


Continued 


before IRM produced. 


The E in the above table denotes exponentiation. 
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of small changes in the high coercivity range in the presence 
of a very strong moment due to the saturated magnetite. 
However, the large increases shown in the Specularite column 
after heating are probably due to some magnetite which satur- 
acess inwitelds@asiittle above 00.ml” tather «than to an-actual 
increase in the number of large detrital haematite grains 
present. 

The suggestion that the soft part of the magnetiza-— 
tion may be due to ultrafine haematite is more tenable in 
the unheated samples. Examination of the Haematite and Soft 
haematite columns shows that the ultrafine haematite content 
deduced on this model for each sample is consistently one 
order of magnitude less than the content of harder haematite. 
This would be expected if the grain size distribution is 
similar from site to site, but varying in absolute amount. 
This has been pursued further in Fig. 5.4a, which is a 
scatter diagram of the amount of saturation remanence residing 
in the hard part of the spectrum against that residing in the 
Soft) part of the spectrum. The diagrams are divided by section 
and the scales are logarithmic. 

For the B section diagram, the coefficient of 
correlation between the variables plotted is -.195. For 
hypothesis testing this is mapped to the normally distributed 


w function using Fisher's formula 
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Figure 5.4a 
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Scatter diagrams of the amount of hard remanence 
against the amount of soft remanence in speci- 
mens from the B and C sections as revealed by 


IRM studies. is the remanence gained 


see 


between zero and 100 mT. is the remanence 


J3-50 
gained between 300 mT and 5T. 
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wo=r4ein {(1l4+r)/(1-r) } 


Wilere sr eis the oetiieient of correlation (Hoel, 19660)—% ) The 


standard error in the mean of the w distribution is 


1 
a) 


Oras (n-3) 
whenegneispthepnumberpofepoints inethesscatter diagramemeFor 
thegBesection diapram, st=v=. L954 awe=P=.198,ene=07% oF OD 
ForwPi=h0t0s,ewedrequitresassignif£icancespointsathd .96e%x Oe 


EThemgsitnifieance pointeisathenhaty .98geaandtwefmaytnot reject 
the hypothesis that the correlation is zero. In other words, 
there is no statistical reason to believe that the hard and 
soft magnetizations are contained in different size ranges 
of the same mineral phase for the B section. 

For the C section diagram, the figures are: 
Th=Pmo325 lwe=82745 .one=ulo4d cCagset 278, sienificanceapodint 
at 95% confidence is .54. We may therefore reject the 
hypothesis that the variables are uncorrelated. The conclu- 
sion remains the same if either or both the extreme values 
are discarded. 

The statistical evidence thus supports the contention 
that the soft and hard parts of the remanence reside in dif- 
ferent size fractions of the same mineral phase. The negative 


results for the B section suggest that some other mineral 
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phase may be an important part of the remanence as well. 

The identification of these mineral phases is ambiguous 

using IRM data alone. There appear to be two candidates 

for the phase giving rise to both the soft and hard magneti- 
zations. It could be detrital haematite grains with residual 
magnetite cores, or it could be the fine-grained haematite. 
Both are observed to be present (Section 5.5). The former 
suggestion is somewhat at variance with the coercivity model 
on which these calculations are based, because the large 
haematite grains should have their greatest effect on the 
values in the Specularite column of Table 5.4a, and these 
values were not used in the correlation calculation. However 
it cannot be rejected without an examination of the relative 
proportions of the two possible minerals. 

The IRM data may thus be used to demonstrate that 
thermal alteration produced magnetite, but not by reduction 
of haematite, and they may be used to support the suggestion 
that the hardest and softest magnetizations reside in different 


parts of the same mineral phase, except in the B section. 


5,5, Observations Using the Ore Microscope 


Polished thin sections of material from some of the 
sampling sites have been examined by transmitted and reflected 


light. Quantitative observations were made of ore grain 
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rellectivityeand saze davctripution. The rock «colour ain hand 
sample was classified -according to a standard scheme. =: Dr. 
S. E. Haggerty kindly examined and commented on a selection 


of thin sections. 


Je2-d Qualitative observations 


Rocks of the B, C, D and E sections are shales and 
mudstones whose major constituent is quartz in grains of 
10 - 50 um diameter. The grains are sub-rounded and moderately 
well sorted. The major ore mineral present is haematite. 

Dr. S. E. Haggerty has identified six modes of occurrence of 
haematite. These are: 

(i) Primary sedimentary banding of haematite grains 
less than 1 um in diameter. This is a major constituent of 
some thin sections, making them opaque to transmitted light. 
DNs Seas Dima tive oltas CmCk la Dewey. a a))e. 

(ii) Veinlets of haematite transgressing the sedi- 
mentary banding. These are due to remobilization of haematite 
under conditions of elevated temperature and pressure such 
as might be expected under a load of 8 km of sediment (Section 
4s.) .. With east ypacata thermal wvredient of 30°C/km (Garland, 
L977) Sar temperature rot 260°C would occur at this depth. This 


MiMmerSs. plaseste wecondary (Plate 5.5.14)" 
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Plate 5.5 alam Photomicrographssotepolisnedmsections from 
SitesmCG @andeCH. feMaontt rear on haley. Avene s 


teem: = 10 etme 


Upper Photograph: Site CC, showing sedimentary 
banding of fine-grained haematite. Bedding is 


Wielatadecra ar 


Lower Photograph: Site CH, showing ore grain of 
haematite with residual patches of magnetite, 
and veinlets of remobilized secondary haematite 


(dppermraechty. 
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(iii) Knots of haematite and possible colloform 
goethite formed by dehydration of primary or secondary 
goethite. Since the upper stability limit of goethite is 
140°C this is evidence of heating above Te One 

(iv) Wafers of haematite derived from goethite 
by dehydration. 

(v) Discrete grains of haematite in the size range 
1 - 30 um showing subhedral to euhedral crystalline outlines. 
These must be primary detrital grains, because they show 
evidence of a previous igneous origin. 

(vi) Haematite with residual magnetite cores. These 
may have been deposited as magnetite, and altered since depo- 
Srcloy Lo macmati te sb late oc e ba) 

The quantity of fine haematite (Type i above) is 
variable, but the concentration is generally higher in C, D 
and E section rocks than in A and B section rocks. 

Rutile is present as a detrital mineral in many 
of the thin sections. Magnetite is the main magnetic mineral 
fn tne lavas of the F section. Dr. Haggerty. (pers. comm.) is 
of “the “opinion that the mineral assemblage in the thin section 
from site CY (pseudobrookite, rutile and haematite) is 
characteristic of heating to 500°C for a few hours. Alterna- 
tively tt could be the result of heating to somes lower Cempera— 


ture (say 2000 Gs for several million years. 
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The rocks of the A section were sampled from a 
calcareous rock formation of biogenic nature. Not much 
magnetic mineral is present in the rock, but some grains of 


detritalvhaematite do exist. 


Dw) toa oe Zee dlstrapucLom of ore ~rains 


The quantity of ore grains greater than 1 Um in 
diameter is variable Erom site to site. Fig. 5.5.2a, shows 
histograms of the size distribution and volume fraction of 
such ore grains for two thin sections as deduced by grain 


counting. Here KBL has notably more ore grains in all size 


ranges, but especially in the larger sizes. The counts may 
be wlow for the I6-— 2 Um class. | this is near enough to the 
optical limit to Make counting difficult. The total volume 


fraction of opaques larger than 1 um for all the thin sections 
for which counts were made is reported in Table 5./7a. 

The possibility that the soft part of the magneti- 
zation is associated with the large grains (or the magnetite 
cores in some of them) may be examined by reference to 
Pig ao.) 2b, Which GonpaLres stheuobserved *tOLaL amountsoLsuch 
OLemerains, to thesamountrotmnaturalmremanence Lost) byademag= 
netization in 80 mT (800 Oe). The variation of the opaque 
content by a factor of Ss appears, to) cause no change in the 


amount of soft magnetization. The vertical scale bars in the 
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Figure 5.5.2a |The size distributions of opaqtie grains Larger 
Ehanw wUmh nwt nese CGtLoneet rom sites BL and 


CC. The equivalent volume fractions are shown 
dotted. 
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Comparison of the amount of opaques in the 
rock to the amount of soft remanence in the 
hocks#foft sites BE, wpK, 98, CC, CH, CJ) Chee CU 
anduGxk. oJ is the amount of remanence 

SOLE 
removed by treatment in 80 mT peak alternating 
field. ‘% opaques is the volume fraction of 
the rock made up of ore grains larger than l 


um. The range in Je shown is the range 


Ope 
within each site. 
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figure show stheswilthin—-site range in the intensity of the 
soft magnetization. It therefore seems unlikely that the 
SsoLtemagnetization can be attributed entirely to the 


Magnetite cores in some of the large haematite grains. 


DOO r emo rain rer lectivLties 


Phesretilectivitties of ore grains sreater thane im 
in diameter have been measured. The standard wavelength of 
546.nm (green) was used, and: a,~calibration; pointeat, 20.62 
reflectivity was established using a standard sample. A 
10 um illumination spot with a 5 Um diameter reading circle 
was used. The results are shown in histogram form in Fig. 

ORs Bie i ae The reflectivities of common iron and titanium oxides 
and hydroxides are also shown in the figure. They are 
taken from the reflectivity tables of McLeod and Chamberlain 
(1969). In interpretation of these data it should be remembered 
thatea warge grain, wellepolished, = showing no alliterationewill 
give the value quoted. Many grains in actual rocks will give 
values slightly less, so that a skewing towards lower reflec- 
tivities is to be expected. The histogram gives definite 
confirmation of the presence of haematite, but suggests the 
existence of another mineral as well. ft is likely ttorbe 
timenorutile or rutile. This is suggested both by direct 


observation and by electron microprobe analysis (Section 5.6). 
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5.5.4 Colour of rock samples 


The "redness" of a sediment has long been recognised 
asma dualitactivemindicator of its suitability stor palaco= 
magnetic studies (Runcorn, 1957). 

The rock samples in hand specimen have been classi-=< 
fied according to colour by use of the Rock-Color Chart 
distributed by the Geological Society of America (1970). 
Colours are classified by hue, value (lightness) and chroma 
Ceaturacionjees [he restlts are, shown. in Table 5.)-44. 9 Where 
no colour is assigned to the rocks from a site, their colour 
was intermediate between those on either side. The most 
notable feature is that the majority of sites from the B 
section are classed as 5RP (red-purple) while most of the 
rock from the ™Ciisection tseetassed as 5R (red) in hues’) This 
difference represents a difference in the haematite content 
inesthe= sizesnatge which producessasred €olouration (around 
1 um and less). This supports the microscope observation 
of the same phenomenon. The sedimentary banding of the 
fine haematite is evident in the colour banding in hand 


specimen at three sites (CC, CD, CX). 


5.6 Electron Microprobe Analysis of Ore Grains 


Ore grains in three petrographic sections were 


analysed for Titanium and Iron content using an ARL-EMX 
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Table wo.) .44a Colour classitications of "rock samples rrom 


the Kahochella Group 


Based on the Rock-Color Chart distributed by the Geological 
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Electron*MYcroprobesAnalyser, = thé SAnalysertwas. operated at 
15 kV with a beam current of 0.1 UA and a beam diameter of 
about 1 um. The secondary X-rays emitted were analysed using 
Pit ecty stalls. 

Thesbackground fcount for ironyandsghon titanium was 
found by counting on either side of the element peak with a 
standard sample in the instrument. The mean of the upper 
and lower backgrounds for each element was taken as the back- 
ground count for that element.  Count™rates at4the titanium 
and iron peaks for ilmenite and haematite standards were also 
round inworden to Gabibrate the instrument. gsCalibration mand 
background determination were carried out before and after 
analysing the unknowns. Count rates were sufficiently low 
(2 kHz) to make a correction for dead time unnecessary. No 
corrections were made for absorption and fluorescence effects. 
These would not greatly affect the results because a standard 
giving a similar count rate to that given by the unknowns was 
used. Total Counts*were in the rangevl6é - 20;:k,) giving ean 
expected standard deviation of about 124. 

Theyanalysiseresults of point counts for 24-86 
Vocations on LO4grains’are reported in Table 5.6a). )ine grain 
names refer to numbered negatives of optical photographs of 
themerain which ave kept inmoithe saboratory megacive ti ve eee 


letter pair at Che beginning ‘of the grain name denotes the 
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Table 5.6a Electron Microprobe Ore Grain Analyses 
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Table 5.6a Electron Microprobe Ore Grain Analyses 


Continued 


Stoichiometric Concentrations in Common Ore Minerats. 


Mineral ihe % Fe 4 0 » H 
Haematite Fe,0, OR 69.94 30.06 020 
Magnetite Fe,0, 0.0 7 26536 Vy Pao 0.0 
Ilmenite FeTi0, Sh histo) 36.80 Sibed eis) 0.0 
Ulvospinel Fe, TiO, Ci 49.95 Zoe 0.0 
Rutile TiO, 290.95 O70 40.05 0.0 
Wustite Feo 0.0 LISL3 22 a2] On0 
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SitCOmrLOMawhiichime tawas derived. 

Most of the grains analysed were known from optical 
observation to have two mineralogic phases. This is shown 
by FB 5-18, for example, where counts on different parts of 
theteraineyteldteither*hien *trtanium=or hich Pironecontent. 
Comparison with the stoichiometric concentrations of iron and 
titanium in some common minerals shows that all the results 
may be explained in terms of titan-haematite or titanomagne- 
tite and ilmenorutile, where the concentrations are close to 
haematite and rutile respectively. All the iron concentrations 
for counts giving high *iron*are “a"little "less *than “for” haema— 
tite or magnetite (which cannot be distinguished with 1% 
resolution) whilevall the titanium concentrations for counts 
giving high titantdm tare ?a Piretle “less “than for rutile. = Ihe 
difference in each case is made up by the other element. 
Given the Microprobe resolution of 1 um or a little larger 
it is hard to confine an analysis exclusively to one mineral 
phase at a time, so that the percentage of Ti in the Fe rich 
phase and vice versa may be high. 

The analyser was also operated in a scanning mode, 
enabling photographs to be made of the variation of iron and 
titanium content over the scanning area. Photographs of iron, 
titanium, aluminium (in one case) and the equivalent optical 


pleture of the grain are shown in, Plates > 6a lb {ce lneelave 
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Evectronsmieroprobe and optical photographs of 


aneoOremenailnetrome site BL. 
Uppe weet -maMtcrmoprobe picture of iron. 


Middle m Oped lepactire orm complete grain, 


showing two-phased nature. 


Lower Right *Mieroprobespicturesot titanium. 
Some titanium is found in the regions high in 


IL 2(G) 7), « 


The microprobe pictures are enlarged by a factor 
of @apoutc Lecewitherespece tow the optical 


photograph. 
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Electron microprobe and optical photographs 


Of anworer strain hromesat cmc urn 


Upper: Microprobe picture of titanium. 


Middle! Opticals picture of sthevgrainm~s showing 


two-phased nature. 


Lowen MacroprobpenpLeture of “iron... [ine 
titanium and iron are mutually exclusive 
Withinvthesshimitss or enesOLucion son @the 


microprobe. 


The microprobe pictures are enlarged with 
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5)..6a) (Sample BL3) it can be seen that the Ti rich phase 
contains jeffectively mo iron, while the Fe rich phase con- 
tains Smal lpiqu anit tiles otest itani ums) e This 4s ja bs ostrueso. 
Piatt Gees. Obs sGSamp Le CHI )s and 5.6ic.(Sample: FB1)i- Thus: ing all 
Gh heesicases Htasisiglikely, thaiteythe Titnitch phase dis) mutable, 
while the Fe rich phase is titan-haematite with a fairly small 
Gitandum,content, (2-37), dn. the £instistwo casies and titano— 
magnetite in the third case. It is suggested that magnetite 
is the iron rich phase in the third case because the rock is 
a spilitized basalt, shows a magnetite Curie point, and shows 
evidence of magnetite rather than haematite on optical examin- 
ation (Haggerty, pers. comm.). 

The Microprobe results show no difference between the 
Be saitidasGe Sect on seal me cher 4 ron/stitanium trator, Gsoutha ted 
similar source region for the detrital material in both 
sect ions ol Seeld ke Ly... pslheweswhts.also neinforce.thesidentifti— 
cation of haematite and rutile by direct observation and 


reflectivity measurement. 


5.7 ) Discussion. “Primary and Secondary RKemanence 
ID aS he eo re Sa ak Set attrac Mad peti teen cere nes 


The conclusions reached in the previous six sections 
may be summarized as follows: 
The existence of a post-folding secondary magnetiza- 


tion in the direction D = 155.9, I = 62.8 has been demonstrated. 
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It is removed at least partially by thermal demagnetization 
butd noth) byw A. Fee treatments 

The NRM contains, both soft. and hard magnetizations. 
theghard{magnetdzationj| hast greater, intensityoang the CaeDwand 
ERsectdonsethan dn thet Basection er Theshardpmagnetda zation 
resides in grains with high blocking temperature. Blocking 
temperatures are distributed, suggesting either a grain size 
or a composition distribution. Magnetite Curie points are 
displayed by the lavas from section F. 

The results from studies of IRM suggest that the 
soft and hard magnetizations may both arise from the same 
mineral phase. 

Microscope observations reveal the presence of 
primary grains of detrital haematite, primary fine-grained 
haematite, secondary haematite grains (with magnetite cores) 
and secondary fine-grained haematite (remobilized veinlets). 
They also suggest a period of reheating. They demonstrate 
that~hdghery concentrationsjof fine-grained haematite exist in 
the C, D and) Efisectionagrocksethangdogdmiwthe Baseetiongrocks., 
Examination of the colour, of the rock samples supports this 
contentions, 

Microprobe measurements indicate that the large ore 
grains are haematite (or magnetite) and rutile, but that 
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The apparent correlation between.the amount of fine, 
bedded haematite present and the intensity of the cleaned 
magnetization suggests that the magnetization of the rocks 
studied is largely resident in this mineral phase. However 
the presence. of,;sufficient, specular, haematite grains to make 
a significant contribution to the remanence may be easily 
demonstrated by multiplying the concentration of such grains 
as determined by grain counting by the magnetization appro- 
priate to single domained, saturated haematite grains. A 
Magnetization comparable to the NRM intensity is obtained. 
Such large haematite grains would be expected to have high 
coercivities and blocking temperatures. They could have a 
DRM Thess prinanvyedetrital\ crains) or (ap CRM (the grains. with 
residual magnetite cores). 

There appear to be three possible alternatives: 

(i) The remanence isolated by thermal demagnetization 
resides in the fine-grained bedded haematite and is a CRM 
meduured. during tithitvcation. 

(ii) The cleaned remanence resides in the large 
specular haematite grains. 

(iii) Both the above make important contributions to 
the. remanence. 

The apparent correlation between intensity and amount 


of fine-grained haematite present in the C, D and E sections 
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favours the first alternative for these rocks. The suggestion 
is further supported by the correlation between soft and hard 
remanence demonstrated for the C section. The soft remanence 
with distributed blocking temperature is much more likely to 
reside (in ultrafine haematite with a range in grain size than 
tC iS Go be win tultanomagnetite with al range in compositions. 
No such compositional range has been found in the microprobe 
studies, but the haematite size range extends through the 
optical limit. 

These arguments have less force when considering 
the rocks of section B, because no correlation between soft 
and hard magnetizations can be demonstrated for these rocks. 
It therefore appears likely that the large haematite grains 
eontribute significantly ito the NRM of the B secjtion. 

Finally, the, rocks of sectiion A contaim ivery Witte 
magnetic mineral other than detrital grains, so that the 
remanence of the A section rocks is likely to be dominated 
by a DRM. 

Since the existence of a secondary component of 
magnetiization has been demonstrated, fit is of interest to 
enquire where. it} might, reside. .~he characteristics of this 
secondary magnetization are that it is not removed by A.F. 
demagnetization, but is removed by thermal treatment. This 


almost certainly rules out magnetite, because only magnetite 
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Various magnetic parameters discussed 
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CH 11-17 
CI A= 15 
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CQ 5- ES 
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cs 8=20 
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The ranges shown are the ranges within each site. 


Lp aes is the intensity of magnetization (hn yee or emu/gm) 
removed by A.F. treatment in 80 mT (800 Oe) peak 
field: 

J is the intensity remaining after treatment in 80 mT. 


hard 


HemCAT Ie)  tssthe “AcH. COeGrCciviLy © 1.64 the anterpolaved 
Se Vkacreenioaile Ete Agnabon wep sample lost half its 
NRM. Quoted in mT. 


He= i TRM)P ais* ithe “A. RAM... coercdvity'tlior ‘steadye fields dan which 
eee the sample gained a remanence equal to half its 
saturation remanence. Quoted in mT. 


% Opaques is the volume percentage of ore grains greater 
than 1 um diameter as determined by microscope 
observation of polished sections. The volume 
percentage of grains greater than 15 Um is given 
in parentheses. 
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in the single domain range stabilized by considerable shape 
anisotropy has sufficiently high coercivity. Haematite with 
size appropriate to blocking temperatures between 550 and 
600°C could, however, be responsible. The calculations 
shownein Table lila suggest that this size is a little 
greater than J0.4 jimediameter, d.e. the opticalelimiteot 
resolution. iIn-this size range there are two distinct modes 
of occurrence of haematite. One is the remobilized phase 
displayed in veinlets transgressing the bedding. The other 
is the bedded haematite itself. The former phase by its 
very mature should contain a secondary CRM. Ihe latter will 
acquire a secondary VPTRM under appropriate conditions. St 


is not possible to distinguish between the alternatives here. 


5.8 Discussion. Interpretation of the Palaeomagnetism 


The discussion of the previous section has suggested 
thateche mascnettzat.ons  solated tor then GoD anda secrione 
iseucimarily a .CRMeacquired during itthi ml cattlon, whi Les tine t 
Of the B section includes the possibility ofa DRM and that 
Of athe As sectlonvie primaruly DRM ein eaddi tion asmald secon 
dary components may still exist in the "cleaned" magnetization. 
Such secondary components, probably directed approximately 
parallel to the normal magnetization isolated, will have much 


less effect on normally magnetized sites than on reversely - 
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Magnetized sites. The reversed sites are therefore probably 
fess®reliabletinditators*ofSdirection than@they *are Of 
polerity: They may still be used in the construction of a 
polarity time scale. 

It was mentioned in Section 4.2 that the palaeo- 
eurpentsdirection observed for, the’ Kahochella eroup i1sean 
the SE quadrant (Fig. 4.2b) and might be expected to influence 
DRM directions. Insofar as it is accepted that the magneti- 
ZatLOongsoLretme, Ce section a5 a. CRM] this may ibe, ienored. ibut 
some effect may be expected for the B section. The somewhat 
scattered nature of the B section results does not allow close 
examination of this possibility, but the mean direction of the 
B section normal sites was found to have a declination of 
139 e), which is about 40° removed from the flow direction. 

No decisive effect is therefore apparent. The possibility of 
palaeocurrent influence on the A section data may also be 
discounted, because there is an angle of about 20° between the 
section declination and the palaeocurrent direction for the 
Pethei Group. 

It is concluded that the cleaned directions of magne- 
tization for the A, C, D and E sections probably represent the 
direction of the magnetic field at the time of deposition 
feeckioneA) and t1thifications (C.D, Ee) slice resultcerronmthe 


B section are less well understood, and should perhaps only be 
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usedgiorspolarity determination. ~lt,is possible that the 
Sitesewath~normaigpolarity are usable for .dirnection detver— 


mination. 


7 an 
mv Abs & Ad Pips’ POE in 
a men y ie eh i aes Lig 


hoy aie spine vient pati neiive: 
od ck hits ogy eon 
A Pe fia tia arith is . — e ftO. = 
4 ' Oant . hay 

scat vA tty. ah “Etats . 
yh’ al bia’ Peeweaebar, Ay bet ie teng asia 
os Phemy gen ar Wighy pie egtad san hen 1808 


| © | ‘Giada da’ wi Ve iva enh 


show abit aie , bales i ver Pr : 

Vee hy eet ie ets | = 
Tr Lian aa ae yates, 44 

V4) ey bu wl eee we 


* bia » &e ah a4 m= << rs 


io Spokes Ol pian - Sono teal iu, 

iP wre ( i eal ee ot) 

a ip KP 8! oosed a) My 5600 LAALe dee ates v 
‘hl Ductal 4)" ANGST IAL! delay 3) oo ele aie 

We On eee iat en 

‘ay ae oe 

eo j nie Nhe eres ee ee ae 7 v7 
ee ye 


or Gee fia." ani On eee ae 
:.) = ele ce ee ry eee: 

ior ae mi a HEC Wh ec Gay Oa ke a 

GG, ¥ oe Ase un tea oe 


156 


6. VARIATION WITH TIME OF THE PALAEOMAGNETIC 
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69k Hbntroduction 


mm this chapter, the time interval covered by the 
depos¥tion Of the Kahochella Group is estimated, and this 
estrmatewitc used. CO establish a, polarity scale. he rsertat 
Correlation®in the data is employed to establish a tentative 
picture of poldrewander on astime scalevot 20-30 may. ithe 
scatter in the data is used to estimate the magnitude of 
secular variation and dipole wobble on time scales of about 
Omoiey. 40d 20-30) may. Finally, palacomacnetic poles, for 
the A, B, C and E sections are presented together with a 


pole for the remagnetization event discussed in Chapter 5. 


6.2 Time Resolution of Sampling 


With rocks of the age of the Kahochella Group, 
radiometric dating methods do not have sufficient resolution 
to enable an estimate of the time duration involved in the 
deposition to be made. Tt «theretore becomes mMecessary Co 
use less direct methods. A possible candidate when studying 
sediments of fairly uniform lithology is the sedimentation 
rate. The method has been widely employed in the past (Hudson, 


1964) as a means of interpolation between radiometric dates. 
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The maximum thickness of sediment, regardless of Deno Locy. 
is usually used for the interpolation. The maximum known 
thickness of sediment deposited since the upper Cambrian is 
375,000 ft (Hudson, 1964). This implies a maximum sedimen- 
CAbLoOneratesot 20 (emepersthousand years, and mustecertainiy 
be higher than the sedimentation rate for shales. It does, 
however, form a useful upper limit to sedimentation rates 
estimated by other methods. 

Kukal (1971) has made an extensive compilation of 
contemporary sedimentation rates in a variety of situations. 
Fig. 6.2a summarizes this compilation. The class most 
appropriate to a geosyncline would appear to be the intra- 
continental seas. The Coronation Geosyncline was roughly 
cireutarvwith a diameter of about, S00°km, ie. a medium 
sized inland sea. Since the sedimentation rate in inland 
seas appears to be an inverse function of the size of the 
basin  (Kukal, 1971), this would suggest that the) Coronation 
Geosyncline should have a sedimentation rate in the range 5 
tow20ucem per thotsand years (Fie. 6.24a)). 10 "cm/ 1000) years 
may be taken as typical. This sediment would then suffer 
eompaction during lithification. Hoffman (1968) has estimated 
the amount of compaction present in the McLeod Bay Formation 
of the Kahochella Group (Section 4.2) by consideration of 


the bowing of shale laminations around calcareous concretions 
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Figure 6.2a Contemporary sedimentation rates observed in 
a variety of depositional environments. After 
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which are assumed to have undergone no compaction. He 
concludes that the shales have been reduced to 40% of their 
Originally deposited thickness. This suggests that the 
appropriate time scale for the Kahochella Group is about 

4 cm/1000 years. 

Nascimbene (1963) has estimated the time scale of 
deposition of marine shales in the upper Cretaceous Bearpaw 
Sea of the southern Alberta plains by K/Ar dating of sanidine 
and biotite from bentonite (volcanic ash) layers in the 
sediments. Hegobteings »100 — 150 £t wer million gears or 
3-5 cm/1000 years. Folinsbee et al. (1961), using the same 
method, estimate a deposition rate as measured in compacted 
mockswot ) 150 7£t/m ay. or povcm/ LOO0Rveare Ifor the whole 
Cretaceous Period in the Alberta and Peace River Basins. 
This includes marine shales and continental sandstones, and 
is therefore likely to be higher than estimates for shales 
alone. 

Hoffman et al. (1970) have proposed a detailed 
time-stratigraphic model for the Coronation Geosyncline 
based on analogies with Palaeozoic geosynclines. Their 
mModelw(rie, 6.2b) impiilessan age for thervodicanics so hethe 
Seton Formation of 1870 to 1840 m.y. and a deposition rate 
for the Kahochella shales of 3.8 cm/1000 years. The first 


prediction has been verified by Rb/Sr dating (Section 4.2). 
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Figure 6.2b Time-stratigraphic model of the depositional 
historyacfethe-Coronation Geosyncline. | Afiter 
HOt tmanee Gaalsean (eo L0)e. 

PORTS Rorehva-tiwals ttt. 
Deo et Ci lle 
8. Pethei Gp. Off-shelf carbonate. 
fe Prethei Gp. (Carbonate) shelf. 
6. Kahochella shale. 
5. Reedlwse “riyseh. 
Ga Setonerormation wolcanics. 
Jageldgiad Fm 
2. Duhamel carbonate shelf. 


1. Hornby Channel terrigenous shelf. 
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The second is taken as another estimate of the deposition 
Kategparticularly appropriate to thesproblem in) hand 

Thus analogies with deposition rates from the 
present day, the Cretaceous Period and the Palaeozoic Era 
all yield thickness-time ratios for shales of about 4 cm/1000 
Meares Bit eteosZaesugesestsgthatwthts sis subject etouvariation 
by a factor of about two, and we have an upper bound of 20 
cem/1000 years (see above). 

The best estimate of the time represented by the 
Span between sampling sites in the Kahochella Group is then 
6 xX LO? yVearsomezoum  ateeecm/ O00" years ) yy iwhilewthe! total 
times represented by the B and C sections of sites are 6 
and 25 m.y. respectively. The gap between the sections is 
about 10m.y. All these estimates should be considered to 
besuneerntain by, 4a factor of tworn) Thestotal time that includes 
allesitessin the study may be estimated from Fig. 6.2b to 
be about 60 m.y. (from the Seton Formation to the middle of 


the Pethei Group at LP AA 


6.3 Reversal Rate Estimates 


The polarity time scale for the Cenozoic Era has 
been reasonably well defined by studies of ocean magnetic 
anomalies. The reversal rate appears to vary from 1 to 4 


reversals per million years (Section Lal)ie Men ih ann yan G 


aid slososalad ee bas bot1e4 ase adpuerh nas! ant 
GOOL\m2 § 1000s 20 eefede 202 sot saz. dieincd ik | | 
notiatztav ot Jostdus st etda aedd adepas we BS.2 « +. 2 eH88t 
Of Yo banod xssqqu nA ever ow haw poy : 19398 ad : 
(sends see). ole 
oft xd bainséetyes emi oda 20 udeaises sand gar 
nota at. quord sflsdooder mis at read ke satiquas reer are? : 


fesod arta afitdw ,fexasy 00O0L\m> A Js 7 es) stent, tos x a 
a sin asite jo anot yooe D bre & sd2 vd boimonerqes aomi> . 


al asotissa a3 nssyred g88 odT eqhevbsoaqana N+ as bas | 


3uo0ds 


o2 bateblienon od bivoile ae ‘sued ILA .%. a or 


esbulovt jadi emta Isio3 edt -ows Yo yosoet a yd ntadzeons od 


of dS.0 «gi¥ mor? heseuboes od yam ybuje edt ak ante fis 
UW: 


: 
a 


Yo sibbim sd? od actiemt0T not92 si3 mox?) .y-m 03 suods ad 
. i 
.(w°SEL a8 quoxd Iedied od3 


7 a) 
af 


eodsmtied o3ef Isexsvel €.9 
’ 


asd e23 of6sene9 949 yo? ofaoe amts yituslog sAT 


otiengen sass0 to weibuze yd bantiesh Ifew yidsnoesst nsed 
& of I mor? YuS¥Y OF e7HSqqGe 94617 Isevevez oAT 
baa yooldlaos Ahk golsoe2) exsey coklita 19q_ t 


ois ty 
—* Val iM, Ap ie 7 ; Lah ; my) 


162 


Burek (1971) have proposed a polarity time scale for the 
Mesozoic Era from all available information, including the 
results of Helsley and Steiner (1969) which indicate the 
existence of a predominantly normal interval during ‘the 
Cretaceous. This time scale suggests that reversal rates 
can ble as low as O.l per million years. A predominantly 
reversed interval during the Permian is now well established 
Cinving 6&6 harry j;59b963 segMcMahom &#Strangeway, 1967) calthough 
normal events within it have been reported (McElhinny & 
BUubekwe L978). 

McElhinny & Burek (1971) have proposed a nomen- 
clature for such polarity time scales whereby geologic time 
Pogdivaededeintomdntervals of, Length ie or 10" years 
during which the reversal behaviour was constant, i.e. 
predominantly normal, predominantly reversed or of mixed 
polarity with a perhaps high reversal rate. Within the 
intervals they propose that shorter periods of polarity of 
about Toe years or less be known as zones. The term then 
embraces the previous terms epoch and event proposed by 
COsmotmall (1963) tL 904). 

Fig. 6.3a shows the equivalent polarity time scale 
for wthe period covered by the C section or the kanochel ia 


Groupie It comprises a predominantly normal interval con- 


taining four reversed zones. The sections labelled uncertain 
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Ficure (O..3a "Proposed variation of mireection and polarity 
of the palaeomagnetic field with time for the 


C section of the Kahochella Group. 
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(shaded in Fig. 6.3a) are assigned reversed polarity because 
they all show some evidence of a reversed component, albeit 
not completely separable from a normal magnetization. The 
polarities "normal" and "reversed" are assigned on the conven- 
tion that a normal polarity exists when the magnetization 
vector gives a palaeomagnetic pole on the polar wander path 
which ends at the present day north pole (see Chapter 7). 

The upper “uncertain” zone (the stratigraphically 
distributed site CQ) is probably a reversed zone containing 
a very short normal zone. The total number of reversals 
(i.e. changes of polarity) detected in the C section is 
then 10, spread over a time span of about 25 m.y. or a 
reversal rate of about 0.4 per million years at about 
LSOOem. y 4 

Fivews tes oul of a cOtal@ote2/ eins themGre section 
show evidence of reversed field. The best estimate of the 
probability of observing reversed field at 1800 m.y. is 
Diwemoe7 Ore 0.2.) waichelsamuch Lowers thanwrecenti measure 
ments which give 0.5, and somewhat higher than estimates for 
the Cretaceous and Permian Periods which are below 0.1 
(McElhinny & Burek, 1971). 

A reversal time scale similar to Fig. 6.3a may be 
constructed for the B section, although the assignment of 


polarity must of necessity be a little more arbitrary. Such 
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a timescale is shown in Fig. 6.3b for the whole Kahochella 
Group. Polarity has been assigned to all sites showing 
Fendencies to either normal or reversed directions. lt has 
not been assigned only where the site was random or ‘showed 
Home ecaretrendency fo ,either polarity. | Avilargee interva laror 
which no data are available’ exists between the B and C sections. 
It may be seen that the B section has a higher proportion of 
meversed sates than was: round Invthe CG section. JOF=the 
eleven sites to which a polarity may be assigned, five are 
reversed. Furthermore, at least seven reversals may be 
identified, giving a minimum reversal rate of a little more 
than L/m.y. 

Thus reversal rates for the B and C sections may be 
assigned minimum values of 1.1 and 0.4 reversals per million 
years respectively. SeCctLOne An hase normal polLarit visa Gara ley 
sites from which a direction is recoverable, but there is a 


considerable time gap between it and the top of the C section. 


6.4 Secular Variation, Dipole Wobble and Apparent Polar Wander 


The approximately known time relationship between 
sites in this study may further be exploited to examine the 
variations in direction shown by the geomagnetic field. In 
thus section, the secular vardation dtssexamined? on two time 


Scales, (0,6 and 25 m.y.) and thes motions of the (palacomagnetic 
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Figure 6.3b Proposed variation of polarity of the 
palaeomagnetic field with time for the 
B and C sections of the Kahochella 


Group. 
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O.4-. scalculation, of between—-site scatter 


Theestatistical parameter 0 (the circular 


63 
standard deviation given approximately by Civile) may be 
employed as a measure of the dispersion in the data caused 

by evatriattions inethe field direction with a time) scale 

shorter than the time spanned by the sampling (Creer, 1962). 

The value of O63 Catleulatedstorethe distributions of isite 

mean directions is influenced by the uncertainties in the 

site mean directions themselves. This effect may be removed 

in favourable cases by the application of a two-tier analysis 
(Watson & Irving, 1957) which enables an estimate to be made 

of the value of 863 freed of the effects of within-site scatter. 
Such an analysis has been applied to the C and E section site 
mean directions after thermal cleaning (Table 4.3.3b). The 
Fasectton Gata includes satecmGkeandeCheyw civiner we sites min 

all eeebhe analysisetrs strictly only applicable when the, wien in — 
sitemprecision .sesimi lareateallesttes » nis. ison ly 
approximately true here, but the results may be considered 

to constitute a good indication. “labless6.42 14 and 6.4. 1D 
Showethe results of thissandlye616. 8 lhnesparameters scalicullated 


are the within-site and between-site precisions and their 


corresponding standard deviation angles. They are called 
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Table 6.4.la Two-tier analysis of variance, C section 


Number of sites, B = 21. 

Number of specimens, N = 83 

Resultant of specimens, R = 78.248546 
Resultant of site means, Rs 20.03397 

Sum of the site resultants, zR, = 82.00698 


Weighted mean number of specimens per site 


N= (Nn - ENS /N) /(B Eh ee LCV 


N. LSetne number of observations at the 2 th site. 


Degrees of Sum of Mean Expectation 


Dispersion Freedom Squares Square of MSQ 


Between 


Sites 


Within 2{Z(N.-1)} Z(N.-R.) 


Sites 124 2 X(N .-1) 


8.00822E-3 


4.751454 


The variance ratio F = 11.73. The significance point for 

P = 0.01 is 1.75, so the between-site variance must 

be considered significant. 

) 
Hence K_, the within-site precision, = 62.4 and cel ae OR ee mee 
W 

Ky? the between-site precision, = 22.9. 
6 = 16.9%. 
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Tablepo.4.iba Two-tier analysis ofsvariance,—E sechion 


Number of sites, B = 7 

Number of specimens, N = 28 

Resubeantr orsspecimens, "ne == 276422123 
Resultant of site means, Ry = 6,00 07 30 

Sum of the site resultants, ZR. S27 ood dal 


Weighted mean number of specimens per site = 3.98809 


Source Degrees Sum Mean 
of of of Square 
Variance Freedom Squares 
Between eZ 3 SWANS) oy) 3.624 69R—2 
Sites 
Within 42 Aare) 3.40203 
Sites 
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ko ke Caw and as G“espectivelyjherew.Jingbothsecasesyethe 
values of between-site precision with the effects of within- 


site variation removed (i.e. k) are very little different 


from the values calculated from 


nis indieates that the=within-site scatter has* little effect 
because it is small. 

The palaeolatitude for the Kahochella Group deduced 
Promotie IneClingtlon or the © and Eb section dLrecteLone= is 


oO 


22 I e) fOr this latitude, fas been calculated tor the 


63 
P9475) tietd by lrvine (t9G4) |” taking an average around a tine 
of geographic latitude and using both hemispheres. He obtains 
a Value of Tho Brock (1971) calculates a best fitting value 
br i465” for this palaeolatitude from an analysis of palaeo- 
Magnetics results £0r all ages.) [ne results Obtained tor tire 
C and E sections are 16.9° and 10.4%. 

We may test the hypothesis that the calculated 
values of OE 3b are different from the 1945 values by referring 
ine ratio of their equivalent Kk values to the tables given 
by Cox (1969). lhe assumption inherent in the use ot sthis 
test is that the standard value (for the 1945 field here) is 
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Beseictilonsitarie tdifterent fromthe 1945%values Yor the thest 
fitting palaeomagnetic values. 

Since one value of ke is higher than the present 
day value while the other is lower, the possibility ‘exists 
bhatimehey@arerdififerent f£rom”each other, We may test this 
hypictthiestits "by “@referrine the ratio k, CE) /k, CC) to the F-ratio 
tables for 40 and 12 degrees of freedom (Watson, 1956a; 
Met bhi ny yelIG 4) se The» eratiioewas! the Walwe 4256698 Tne.952 
Gist calstpoiint sis $250. ‘The hypothesis "that “the two valwes 
are indistinguishable from each other may thus be rejected. 

Thus although the calculated values of scatter for 
the C and E sections cannot be distinguished from the scatter 
of the 1945 field, they can be distinguished from each other. 
This being the case, it is of interest to consider how this 
difference might arise. 

The time span of the E section, calculated by the 
same deposition rate analogy as used in Section 6.2 is about 
a6 cult 16236 metres’ from’ CE itonGh at, 4 cm/1000 *years) compared 
Gomatn clittime ispan tof 9200-30) ney ses timated forethe whole sc 
section. It is thus likely that the difference between the 
tworiestimates lotisicatter sis due to themincluston in stherc 
section data’ of a field variation with characteristic time 
tongermnthan0 <6 nosy. & Phe wdiscussion "or Secrilon i aieisUgeests 


that the E section time span should adequately average out 
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secular variation and dipole wobble, while the C section time 
span may well include some apparent polar wander or random 
Walking, of the rotation axis. 

These suggestions are somewhat dependent on the 
assumption that the characteristic times of the above 
phenomena have not changed substantially since 1800 m.y. 
and that the estimated time spans are correct to within an 
order of magnitude. Irrespective of these assumptions, the 
time span of the E section cannot be far from 1/40 of the 
time span of the C section and their standard deviation 
angles are 10.4° and 16.9°. It seems most likely that the 


C section mean includes some apparent polar wander. 


6.4.2 Apparent polar wander and dipole wobble 


Examination of Fig. 6.34 supeests thate the »lots os 
declination» and inclination against time for ithe CG section 
show some serial correlation. This was investigated by 
calculating a 5 site running mean direction, and mapping the 
mean directions so found to palaeomagnetic poles. The results 
auewshown iIngkig. 96.4524. | [here appears toe be one cyclesor 
variation followed by a northward trend. Included in the 
plot are the poles for the A section (somewhat later in time 
thanethe top of the C section) and the yremagneti zation direc- 
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Figure 6.4.24 |] Vari@tdonm with timelof the palaeomagnetic 
pole for, the. C section of the Kahochella 
Group. Calculated from a five site running 
mean of the directions at each site. The 
remagnetization and A section poles are 
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the polar wander path deduced from other palaeomagnetic results 
for this age -range~(Chapter—/).—TIwo-possdibildties.exist. 
Either further detail in the apparent polar wander path for 
this age rangé (with.perhaps an extra loop) is necessary, or 
the results display a short time scale random walk which is 
averaged out over longer time scales to give the deduced 
polar wander G@path. SOLf) the latter sugecestion is correct, we 
May expect that other results where the serial correlation 
over similar time scales may be examined, will yield similar 
fine structure. Helsley and Steiner (1971) have found a 
similar serial correlation in the lower Triassic Moenkopi 
Formation, but they estimate the time span of their data to 
be about 3 m.y. They suggest that the three cycles they 


observe over this period represent secular variation. 


6.5 A Palaeomagnetic Pole for the Kahochella Group 


The mean directions for the A, 8, GC, Eeand ) sections 
have been mapped to palaeomagnetic poles using the usual 
geocentric dipole assumption. The results are shown in 
Taper sca dnd On brig. 2654. 

Fig. 6.5a has several noteworthy features. The 
poles for the C and E sections coincide, which is to be 
expected, since the E section was sampled between two sites 


in the C section. The poles for sections A and F and the 
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Table 6.5a Palaeomagnetic poles for the Great Slave 


Supergroup 


Section N Longitude Latitude dp dm Notes 

A 4 Geeta Teak. GaN ver Age? 

B 6 80.0°W 4003 °N Mee 95° 

B 3 Sake: 20.5°N On Tel 1 

C 21 ah Gn aN ee ops 2 

E 5 Fon ow 6.35 faa On 

F 5 ee i 34.0°N 232 26" 3 
Remag. 15 94.0°W 18.0°N ao 10° 4 
Notes 


Peo wtces BG, Bie) Bir. 

oe ine ludes DC, DD. 

Beebe Lore dip correction. 

Lee GaleuLated trom removed vectors ~Usection: oz). 

N is-the number of sites included in the analysis. 


dpewdm jare) the major axes of the ~ovyal or 957, coniidence 


about the pole. 
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Figure 6.5a Section mean palaeomagnetic poles for the 
nockswof the Kahochella Group. The B 
section pole is calculated from three 


“normal” sdte “dgerections. 
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remagnetization all have considerable overlaps of their ovals 
of econtidence. It has been stisgested earlier (Section 5.2) 
that the F section is completely remagnetized. This is 
consistent with the almost complete overlap between the R 
and F ovals. The close agreement between the R and A poles 
Suggests that the remagnetization may have taken place during 
déposition of “the Pethei Group, but) the conelusion is far from 
unique, especially considering the large oval of confidence 
about the A section pole. 

The results for the B section have been further 


examined by calculating the palaeomagnetic pole corresponding 


bomedicn sitesdirection Lor the six normalesites.  Uhe resules 
are ssiowil ins!) OD. LEO is) clear that, the distribution 
is far from Fisherian. Since the sites are ordered in time, 


we may propose a polar wander path for the time represented 
by the sites near the bottom of the B section. Examination 
of Fig. 6.5b suggests either that a field excursion has been 
recorded by these sites or that they show the path of a 
reversal between the reversed site BA and the normal group of 
BinebGeand. BL. lf (‘this isethe case, sthe ibestenonma lec rection 
for the B section is the mean of the site directions at sites 
BGomsieand Bk. This wdinrection maps to agpalacomagpnertcspole 
at 81.6 °W, 20.5°N (Table 5.6a). 

This: interpretations on the sresultse frome tic Desect.on 


provides a possible solution to a problem raised in Chapter 5, 
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Figure 6.5b Palaeomagnetic poles for each “normal™ site 
in the B section. The time ordering of the 
poles suggests that a field excursion may 


have been observed. 
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that, the, mean, intensity) of: the reversed B section ‘sites’ i's 
greatersithan the mean, dntensityyioftitthe normal sites. If 
the normal group includes three transitional directions, it 
is not surprising that the mean intensity is lower, because 
the intensity of the field is observed to decrease by a factor 
of about five during transitions, (Lawley, 19/70). Splitting 
the intensity results into normal B section and transitional 
B section yields small populations (twelve) for this type 
of analysis. In fact, no significant difference is detected. 
LG is; thought, that the poles for the CG and b, sec— 
tions best represent the position of the Wpaseneereets pole 
at 1800 m.y., freed of the effects of remagnetization. However 
the relatively large scatter of the "reversed" site directions 
(compared with normal sites) for the B and C sections suggests 
that a substantial remagnetized component remains after 
cleaning. This may also be true for the normal sites, although 
the direction of the remagnetization is such as to affect 
normal sites rather less. If this is the case the mean direc- 
tion for the normal sites quoted may be too steep. A shallower 
inclination would result in a palaeomagnetic pole southeast 
of the pole quoted here. 
The palaeolatitude implied by the C and E section 
poles is OTait caneaxiad dipole is assumed. This is in agree— 


ment with the palaeolatitude spectrum of redbeds compiled by 
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Briden and Irving (1964) which shows 88% of the occurrences 


to be within 30° of the palaeoequator. 
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7. ANALYSIS OF PRECAMBRIAN RESULTS FOR NORTH AMERICA 


All publications known to the author which give 
palaeomagnetic results for the Precambrian of North America 
aregilistedeinathewbibliography of +palacomapnetie@results at 
theyend@ofethisechapter? Selection criteria have been applied 
to these results to eliminate those whose meaning is uncer- 
Cain eeThetremainder@aré Listed*in?lable*®).3a®and*depicted 
inekigme/ i 3agetogether with the Precambrian polar wander path 


which most simply fits the results. 


Lele Acceptance Criteria 


No results *®fior®the®rocks  Yofs«ethe *Grenville=Provinee 
have been accepted because Irving, Park and Roy (1972) 
have suggested that the Grenville Province has moved as a 
whole relative to the rest of North America. No results for 
the Sudbury Irruptive are given because, despite considerable 
woMd.edLanochélibes 1969)).eft Cisenottyet possible *to say “what 
tectonic corrections should be applied to the north and 
south ranges of the body. 

Results were not accepted unless the stability of 
magnetization was demonstrated by A.F. or thermal treatment. 

Results were not accepted if only single samples at 
each site were taken, unless such studies on rocks of the 


same age could be combined. 
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Finally, results were not accepted unless some 
jodication. (radiometric or. stratigraphic, ofy thes age, of 
the rock was available. When a large number of results for 
a particular age was available (e.g. for the Keweenawan) 
only the more recent were used. 

Where possible, results for rocks of the same age 
were combined (see Table 7.3a) to yield an average pole for 
the time in question. 

The results remaining after these selection criteria 
were applied are listed in Table 7.3a. The criteria were 
relaxed in the cases where the rock units studies were 
particularly old (i.e. the Matachewan, Molson and Marathon 
dykes) so that no better result of similar age was available. 

Those selected results for which the number of sites 
exceeded 10 (9 in the case of the Stillwater Complex - the 
oldest result) or which were the result of combining multiple 
studies have their circles or ovals of 957 confidence marked 
OnwFfigee / 34. sLnece point sewere=usedatowoutl ine senet polar 


wander path. 


ja2zeevatine Problems 


Recent efforts by the GSC to obtain K/Ar dates on 
all formations studied geologically have made it possible to 


define a K/Ar age for nearly all palaeomagnetic results from 
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the sCanadian Shield. The susceptibility of such dates to 
resetting by orogenic events has been exploited to date the 
Orogenies themselves (Table 4.2.1). lt is therefore uncer— 
tain in many cases whether the K/Ar date represents the time 
of magnetization of the rock. Where available, Rb/Sr whole 
rock isochron ages have been quoted. Even these are, however, 
Open weO Gucetion  Oneoccasion.. » Note 24° fore table (7.34 a blus— 
trates a case where isochron Boon ce on the same rock 
formations can disagree significantly. The age of the 
Mackenzie event has been taken to be 1200 m.y. as the result 
of comprehensive K/Ar and isochron dating, but Gates (1971) 
has obtained isochron “ages of 1600 m.y. £Erom two formations 
considered to belong to the Mackenzie event. Since Gates' 
results have only appeared in thesis form, while the others 
anew pen wtos cri ticisemaan they biterature tne 12000m oy. sage 


has been taken in this case. 


Viel The Precambrian Polar Wander Path £or North America 


The polar wander path deduced from selected “Precam-— 
brian results from North America is shown din Figs 7.34. 

Some features of particular interest are apparent. 
The clustering of results at 145°w, 1°S for rocks whose ages 
arenoclose to 1400 msy. isan) dnudication sot the dipolar mature 


of the palaeomagnetic field at 1400 m.y. The rock units 
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Figure 7.3a A Precambrian apparent polar wander curve 
for North America. The numbers refer to 
male ji s3a.  Cirelés omiovals, of contidence 
are plotted for the poles which include 
measurements from rocks sampled at ten or 


more sites. 
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contributing to this group have been sampled from widely 
scattered locations in North America, and have magnetic 
inclinations varying from 10° to 44° of both polarities. 
The result may also be taken as an indication of the inte- 
gpity*obtthe* continent ‘since 1400fmiyr eS imilarveonclusions 
may be drawn from the clustering of results from the 
Mackenzie igneous event at 1200 m.y. 

hee rsstormbpe=exrpected=that=the polar wander path 
postulated will change somewhat in the near future. Pre- 
liminary results for the Stark Formation of the Great Slave 
Supercroupe (Drs). AKeeBinghamy pers aconm.s)iFinditecatePehat 
further detail is likely to be added to the curve in the 
Aphebiangagesbrackét sielirving yebarkeand tRoy ©¢b9 72) ¥display 
a polar wander path for the later Precambrian which includes 
atnuehtdeepere UoganeLogpYe@Rébértsont’ Fahric felo7l) than 
Pstdisplayed tinkthie 267).3ay7 eine stip torithesvoopyis defined 
By tpokéest3 0132 pes 7 tab tamlatitvude 40f sabowt 50°N. The loop 
displayed ‘by *Irvingy Park ‘and ®Roy ©(1972) cextends almost "to 
treppolté. S¥Thiseis. no’ juserited iby zresultstavailable in the 
Viterature, but they say that they are using unpublished data 
which. when published, (will lead sto alterations tos the curve 
Dueeciwse eed Ol. 

The pole from the Kahochella Group has joined with 


that from the Et-then Group in revealing a loop in the polar 
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wander curve across South America whose existence has not 
previously been suspected (see Spall, 1972). The close 
agreement between poles for the Kahochella and Dubawnt Groups 
Suggests that their “ages may be very close.  Thesposition. on 
the remagnetization pole for the Kahochella Group suggests 


that the remagnetization event is pre-Western Channel Diabase. 


7.4 Comparison With Other Palaeoblocks 


The only other continent for which comprehensive 
Precamprianmervesults are available is Africa (MecHininny et “al. 
1968). The North American and African polar wander paths 
Dave srecently «been compared by opalle @L97 2) le Hepoints out 
that Steis mote possible to superimpose the two “curves, indi- 
cating relative drift between North America and Africa during 
atmleéeast parts of ethe Precambrian. The modifications to the 
Vath tor NortheAmerica brought, about by poles G9) 9 and 10 do 
noOtealter this conclusion. | This is) in qualitative agreement 
with the relative movements between Africa and North America 


proposed Dyr ocienks (lo /i)monmeecologtecalec rounds. 
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ly. GomreGatedsiior (naiijof layering. “Date by Fenton and Faure 
C9695). @ (D aiting ipic tune .confused sby previous publications 
in abstract form by Fenton & Faure. Date quoted by Bergh 
Hsmannean ky tabs tKhact epreprinit. 

2,3. thahvibacet tabs, quote «KK (Ar ywhole rock date of 2485 m.y.. 
and a K/Ar hornblende date of 1740+200. Gates (1971) 
obtains 2690193 by Rb/Sr whole-rock isochron. 

179. Santi and Wanless (1963) quote a K/Ar age of 1230, 
Gatese(h9/) obtains -2 147,768 .by, .RbAST whole-rock isochron 
on samples from the ENEW trend. Polarity reversed for ENEN 
pole. ENEN errors calculated from quoted value of k. 

Oe Eatubatirneetgalig(l969) cbtain a date of" 2162227 “by Rb/ Sr 
whole-rock isochron on samples from the Nipissing Diabase. 
Van Schmus (1965) obtians 2155+80 by the same method. 
Aimineral isochtron o2 iw es! ql./00450,, -indicating matamorphism 
at this date. Palaeomagnetic results recalculated giving 
Und-t: pwie Lah t, ito .sibls sand salienoring ssome ~scattered site 
directions. 

7. Murthy fand: Deujtech squote dapk/Ar whole-rock date of 2080142.. 
8. Calculated by deposition rate model from Rb/Sr whole-rock 
isso chit om ~aze sof El 8/3203. -0on, underlying, Seton Monmat ion 

Gi..tA. Baadseaard, pers. comm.) . 
Sp eaPartvet al. ClL97.2)) (Gane .J. Hottn oCia, pinepress) .e quoted 
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mated from diagram. Date by Fraser, Donaldson, Fahrig 


and Tremblay (1970). 


Irving et al. give the age as late Aphebian or early 
Palaeohelikian. 

Remagnetization as post-tolding. — This) occurred betore 
the deposition of the Et-then Group which is late Aphebian 
Gr early Palacoheliktian. sihe pole its calculated usine 
the vectors removed by thermal treatment over the step 
550 C = 600°C. 

Irving et al. bracket the age between a K/Ar (biotite- 
hornblende) date of 1400475 and the K/Ar age of the 
CcOUpErYy. COCK CLlyY Oem. ye). 8 SLeLeSuares DrObpab lyr note al. 

in separate sills. 

Spall “quotes a range of K/Ar whole rock and mineral ages 
Prom, O00 slo eZ0GU. 

Fahrie et al. quote a K/Ar whole rock age of 18610" 
Fahrig et al. quote a K/Ar whole rock age of 1445. 
Murthy et al. quote a K/Ar biotite date of 1400. 

Result recalculated giving unit weight to site mean 
directions. See [5 for dates. 

Result recalculated giving unit weight to formations. 
Rb/Sr whole-rock isochrons of 1315435 and 1420230 by 


Bickford and Odom, 1968. 
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19. Eggler and Larson quote a Rb/Sr isochron at 1410+30. | Dp eh rob 
estimates recalculated sivine unit weleht toasites. 

20. Van Schmus (1965) obtains a Rb/Sr whole rock and mineral 
PsOchronwa te Of 47525 0. Site mean directions show some 
smear to thespresent field» direction. 

Zl. Calculated giving unit weieht to studies, to obtain 4 mean 
pole for, 1400) may. trom rocks spread vali over lthecshuedd, 
and inclinations varying from 10° to 44°. 

Pe eeepstlactin SE brons and saatine method mot quoted . 

23. Provisional result from study at the University of Alberta. 
Dates on the Belt and Purcell Groups obtained by Obradovich 
and Peterman (1968). Mineral and whole rock Rb/Sr isochrons 
Pv Cm 2 Comme la tlcn cmp Vela ir 1S One lauas ic 

245 For age see 23... ,Calculated giving unit wetght to sites, 

Zo yLOeOCeOncD SOn ace. 

27. Mean of 7 studies spread over most of Canadian Shield. 
Summarized by Fahrig and Jonés, 1969. 9 Van Schmus 0(1965) 
elves a Rb Srewiole TOCK 1so0Chron uace lot CUZ0 550 LoOrmoud— 
bury diabase. Leech (1966) gives K/Ar whole rock ages on 
chilled margins of Mackenzie dykes in Yellowknife area of 
1000-1250. Gates (1971) obtains a Rb/Sr whole rock iso— 
chron age of 16602145 for the Sudbury diabase and claime 
toerecalculate asdates ot sLOSoe irom thes tesultce cL evan 
Schmus (above). He also obtains a date of 1660 (no error 


given) by Rb/Sr isochron on the Mackenzie dykes near 
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Yellowknife. Fahrig and Jones summarize comprehensive 
K/Ar dating by the GSC giving ages around 1200 m.y. Age 


of Mackenzie event taken as 1200 here. 


28,30. Keweenawan rocks variously dated as follows: Middle 


i lee 
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She 
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Reweenawan  llil5205 U/Pb tconcordia plot. 3-20, dlecordants 
sulver™@and*®Greéen, *196S37PpulutheGabbrowl PlStTSeRb/Srewhole 
Rock tsoehron; Faure @ettals, *2969FSEEndion Sillato92+15 
Rb/Sx whole*rock #soechron, Faure et) al., 1969. “Results 
grouped in formations because most sites are single sample 
Sige srs 

Age quoted by Spall as 1040 from Rb/Sr whole rock isochron. 
Robertson and Fahrig quote an inferred age from K/Ar whole 
rock dates™of 1050% 

Robertson and Fahrig quote a K/Ar’ whole rock age of 1020. 
Result from the baked contact of a granite intrusion. The 
baking is dated at. 1107222 by K/Arewhole rock@analysis;, 
Helsley and Spall quote a K/Ar biotite age of 1140+40 

and a U/Pbs zateon Concordia agesoted 1 50z30G 

Spall quotes a Rb/Sr whole rock and feldspar isochron 

age’ Of 9S5SET3UR The kivalue Lored hormations, Met 55747 which 
suggests that the formations (which may have cooled simul- 
taneously) have not averaged out short-term field variations. 
Murthy and Deutsch quote a K/Ar whole rock age of 948+90. 
Fahrig, Irving and Jackson (1971) summarize numerous K/Ar 


whole rock and mineral ages. They obtain an age of 675+25. 
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AND Xe DETAILED RESULTS OF PALAEOMAGNETIC 


MEASUREMENTS 


The magnetization vector for each specimen is 
given after each stage of treatment. The specimen names 
used are the abbreviated ones employed in the thesis. An 
expanded name is written on each specimen. Thus results 
for EB2B are for a specimen whose full name is KEBO2B. K 
denotes thescollection (Kahochella Croup). ‘The samples 
from the Mount Clark Formation with typical specimen name 
MC3B here have the name CCCO3B written on the actual speci- 
men, where CC denotes the study. The remainder of the naming 
convention is explained in the text. 


Treatment of the specimens is keyed by letter. 


N - Natural Remanent Magnetization 

Moo =e A. ba breatnent 

T - Thermal demagnetization using Ottawa furnace 

C - Thermal demagnetization using Edmonton furnace 

W - Remeasurement some time after an A.F. demagnetization 
run 


The intensity of the treatment is given in mT (if M ) 
ie) A 
Cte CCL ie Cw Ot sl.) 2. 
The intensity of the remanence vector (J) is given 
in, nman te (emu/gm). A number such as 3.0/7-/ denotes 
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Declinatvonmand Inciumatton of the vectorsw.m.t. 
and the palaeohorizontal are given in degrees east of true 
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APPEND I XaeZ LABORATORY APPARATUS 


A2.1 Spinner Magnetometers 


The magnetometers were tested in two ways: 

(i) Readings from the PAR spinner taken over a 6 
month period were examined to see what error would be intro- 
duced by spinning each specimen about 3 axes rather than 6. 

The angle between the vector deduced from 6 spins and that 
deduced from a subset of the readings equivalent to 3 spins 
are displayed in histogram form in Fig. A2a (upper) for 
specimens with moments greater than eee hee (1052 emu). 
Only in a few cases of very unstable magnetization is the 
difference appreciable. 

(ii) Measurements made on both the PAR and Schonstedt 
magnetometers were compared using weakly magnetized specimens 
so that the Schonstedt magnetometer could be operated in its 
two most sensitive configurations. In these configurations 
the effects of specimen inhomogeneity are most easily observed. 
Histograms of the difference in angle between readings on the 
two instruments are shown for the most sensitive (position 4) 
and nextemost sensitive (position 3)mcanragurations in Fig. A2b- 


It can be seen that specimen inhomogeneity has appreciable 


effect in the most sensitive configuration. 
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Figa2b DISCREPANCY BETWEEN PAR & SCHONSTEDT (°) 
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A2.2 Magnetically Shielded Room 


(i) Material: Moly-permalloy supplied by the 
Allegheny Ludlum Steel Corp. Frame built entirely of pily- 
wood, laminated where necessary to obtain sufficient 
thickness. 

(ii) Size: Double cubical shield. Inner of side 
SUtC2. 039m) peshteldine matertals 52 —thow "Ul.3 um). eeeuter 
OtmstdemlOo0~sG: oom sshteldine matertal so0n thous.) 8mm). 
Metenialvappltedmingstrips 20 <wide (.5089m)) with batten 
strips 3" (7.6 cm) clamped over the joints as described by 
Pavtons (L967). 

Cin) Doors Opening 1s 63) ~Xo 35. @(l./ 2 68am). 

Inner and outer doors also cladded with shielding material 
and. slide on eA rails. Durine operation the doors aresheid 
together by a pressure reduction between them of ca. 1/30 atm. 


provided by a commercial vacuum cleaner. 
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Improved control panel wiring for Avr. 


demagnetization apparatus. 
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ADIP 
ADLA 
HOIP 
PD2A 
AD2A 
BO2A 
BD2A 
AD28 
PO2ea 
AD 2a 
3029 
8028 
O28 
AD3A 
RD3A 
AD3A 
BDSA 
PO3A 
ROSA 
DZS 
AD3A 
fD35 
AD38 
PD4A 
BD4A 
AD4A 
BDA 
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AD4A 
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B04e 
RD48 
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PFLA 
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PEA 
ELENA 
BELA 
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FELR 
FE1S 
ELH 
FFIB 
REIR 
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SEA 
PEIK 
FELA 
RFI1A 
RFIR 
PE 2A 
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PEQA 
BE2A 
SE2P 
9F?A 
PE2F 
EE Qh 
4F2a 
AE2R 
SE SA 
AE SA 
hE RA 
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SF3A 
RE2a 
FEsA 
FE3A 
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SE4A 
BEGA 
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BE4F 
BF4aa 
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SF 1A 
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SPEC 
BF2A 
BF2A 
BF2A 
BF2A 
BF2A 
RF3A 
BF3A 
BF3A 
RF3A 
BF38 
BF3R 
PF3B 
RF3B 
BF38 
BF3B 
EF3B 
BF3B 
BF3B 
PF3B 
BESB 
BF4A 
BF4A 
BF4A 
BFaA 
BF4B 
BF48 
BF4B 
BF4B 
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BGIA 
BGILA 
RGILA 
AGIA 
BGI1A 
BGLA 
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BGIA 
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8618 
BG195 
Bo13s 
PG18 
BG1iA 
BG13 
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BG1B 
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BG2A 
BG2A 
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RG2S 
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PGAA 
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AG3A 
HG33 
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AG3B 
2G4A 
BG4A 
RGA 
AG4A 
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APPENDIX 3 


Useful Conversions Between SI Units and EMU 


Quantity ep le Aiea CGS emu 
-1 
Charge Q Coulomb, C 10 
Current, I Ampere,A ies 
Electric Dipole moment,p C-m 10 
Porentirale Dat tv. VoL. Vv ia” 
Electric Field strength,E V/m 10° 
Capacitance,C Farad, Ff toe: 
Resistance,R Ohm,” a 
: eee, iBsh 
Resistivity,o Q—m 10 
Conductance,G Siemens,S ion 
Conductivity .o . Me ies TOwse 
; : Z -5 
Polarization, e ype 10 
: 2 -5 
Displacement ,D CG /im 47x10 
; : Z 8 
Magnetic Dipole moment,m A-m 10 


Magnetic Pole strength,P A-m 10 


-_— = Y : 
; - 
a | 7» 
BA : : 
a . 4 : 
“= 7 


€ XIGQuaTIA ” 
— a 


ee | _ << 
UMS bas azitaU 12 asew294 anol fezevacd ae — 


vats 22D tinw 12 vitinsvd a 
‘se Foe 


Of 2,d@oluod 


~" OL A,$79qmA a 
ar m~2 q.3nsmom slfoqid oba33 
"or V,2i0¥ Vv. 2220 Ae 
\ : i 
"Or avy S,d3goetT12 bietT : oeia 
nes ae 
- peas , —a 
Ol T,bsts7 9, 99087f98q59 — 
“Oy i“, rid a esnsiates : 
7 ae 7 
Mims QQ. vitviseraas 
0 7 <a 
Ol 2, ansaore be +) miu ce 
a 
¢ _ r. r= ad 
~ @] = i] ; piitvesoubaod ‘a 
- 
*~@\d *dotaastials a 
g 
OLxrs a\9 a semnoatgere 
“OL ~ a= A @,J09m0m sioghd 3 orem 


= 
or ; mA ; q si3gaszi2 stot ot engay 
7 


A7 


APPENDIX 3 


Continued 
Useful Conversions Between SI Units and EMU 
Quantity Sil unit CGS emu 


Magnetic Flux density,B Woes ine iugeatss 
Whim me slant 


Magnetic Field strength,H A/m 4x10? 
oersted 
Magnetic Flux,@ Weber,Wb Tope ceut 
Inductance,L Henry, 10° 
Magnetization,M A/m we 
Magnette Polardzeea on, I WEG 10¢/4n 
Magnetomotive Force,H A 47/10 
Reluctance,R A/Wb or Hae aon. 


One SI unit has the value in emu given in column 3 


-7 
Uo» Permeability of free space, = 47 x 10 H/m 


-12 
Ej» Permittivity of free space, = 8.84 x 10 F/m 


A conversion factor useful in geomagnetism is lnT = 1y 
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Site 


AA 
AB 
AC 
AD 
AE 


BA 
BB 
BC 
BD 
BE 
BF 
BG 
BH 
BI 
BJ 
BK 
BL 
BM 
BN 
CA 
CB 
ce 
CD 
CE 


APPENDIX 4 


INE ESL EWS Ose Sierra. 


Grease Silene 


Strike 


282 
280 
280 
2Hs 
286 


307 
288 
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245 
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Supergroup 


60 
47 


58 
26 
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Site 


CF 
CG 
CH 
Gi 
CJ 
CK 
CL 
CM 
CN 
CO 
CP 
CQ 
CR 
Cs 
CT 
CU 
CV 
CW 
CX 
CY 
CZ 
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DB 
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DD 
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16 
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338 
318 
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334 
Sy Gill) 
Boy, 
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Continued 


Sales Strike Dip V (cm) H (cm) 
EA BOS. 18 0 299 
EB SPN) 18 0 107 
EC 353 18 0 107 
ED il oe 12 nae) 
EE ih 22 0 30 
FA 270 3e/ 10 20 
FB Zaha) 34] 0 bya) 4 
°C 319 KD) 0 780 
FD 319 Ze 0 500 
FE SMe) 38 0 894 


Strike measured in degrees east of true north. 
Dipydarectzvon, clockwise [rom strikes) Dip is 


measured in degrees below the horizontal. 


V and H are the vertical and horizontal spreads 


within the site. 
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Sites ordered in increasing age within each section. 


Site Strike Dip 

MA LL, 25 

MB 119 a1 

MC 109 36 
ME 122 28 CapsMountain section 
MD These) 26 


MF P21 Zo 
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